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Comparative Tests of Crushed Stone and Gravel 


° 1 
Concrete in New Jersey 


Report on Cooperative Tests Conducted by the New Jersey State Highway 
Commission and The U.S. Bureau of Public Roads 


Reported by F. H. JACKSON, Engineer of Tests, Division of Tests, U. S. Bureau of Public Roads 


URING the summer of 1926 the New Jersey State 
Highway Commission, working in cooperation with 

the Bureau of Public Roads, conducted a series of con- 
crete tests at the Trenton laboratory of the commission, 
for the purpose of determining the relative quality and 
economy of concrete paving mixtures in which 13 
different gradations of crushed stone (trap) and gravel 
were used as coarse aggregate. The investigation in- 
volved the making and testing of approximately 150 


two. It is anticipated that conclusions suitable for 
general application will be justified by these tests, but 
in the meantime those presented here should not be 
considered as having any application beyond the par- 
ticular conditions involved. 


Reasons Leading to Investigation Discussed 


The practice followed in New Jersey and most other 
States of specifying the same proportions of cement 


concrete beams, 8 by 8 by 48 
inches in size and 250 con- 
crete cylinders 6 by 12 inches 
in size. 

This report describes in 
order (1) the various rea- 
sons which led up to the in- 
vestigation, (2) the proce- 
dure followed, (3) the results 
secured, and (4) the con- 
clusions reached, and makes 
certain recommendations 
relative to the application of 





HE CONCLUSIONS drawn from these tests 

should not be interpreted as indicating that 

crushed stone as a type is superior to gravel 
as coarse aggregate for cement concrete pave- 
ments, but only as indicating that for the par- 
ticular conditions and kinds of materials involved, 
concrete in which crushed trap rock was used 
showed an average flexural strength approxi- 
mately 12 per cent higher than similar concrete 
in which gravel was used. 

Tests now in progress at the Arlington Labora- 
tory using 17 different coarse aggregates give 
preliminary indications that materials similar to 
those used in this investigation will give similar 
results, but also that the characteristics of the 
particular aggregate used may be fully as impor- 
tant as the type of material to which it belongs. 


and graded aggregate for 
concrete, regardless of the 
void content of these aggre- 
gates, has resulted in secur- 
ing for gravel aggregate an 
appreciable economic ad- 
vantage due to the increased 
yield of concrete obtained 
from the gravel aggregate on 
account of its low void con- 
tent, as well as its lower 
cost compared with that of 
crushed stone. These facts, 








these results. It should be 





together with the other 





borne in mind that this series of tests was initiated for 
the purpose of studying the relative merits of two 
different types of coarse aggregate produced under cer- 
tain conditions. The results can therefore be considered 
as applicable only to the same kinds of material, pro- 
duced in a similar manner. In order to make possible 
the drawing of more general conclusions as to the 
effect of type and gradation of coarse aggregate upon 
the quality of concrete a series of tests has been 
started at the Arlington laboratory of the bureau. 
These tests are similar to those described here but 
involve seventeen types of coarse aggregate instead of 


1From Public Roads, Vol. 8, No. 12, Feb., 1928. 


natural advantages possessed by gravel, such as the in- 
creased workability of the resulting concrete, have 
made its use in general more economical than crushed 
stone. 

Such a condition would not in itself warrant any 
change in the existing methods of proportioning. It 
must be remembered, however, that the arbitrary pro- 
portions which are set are only a means to an end 
which, in this case, is the production of concrete pos- 
sessing certain definite essential physical properties. 
If a specification is to be considered adequate it must 
be assumed that, as long as the various details of the 
specifications relative to materials and construction 
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processes are complied with, concrete of substantially 
uniform quality will be obtained; in other words, 
that any variation in either type or gradation of ag- 
gregate within the specification limits will not result 
in any essential change in the quality of the product. 
The standard road specifications of the New Jersey 
Highway Commission require that concrete for pave- 
ments shall be mixed in the proportions of 1 part 
cement to 134 parts sand and 314 parts coarse aggre- 
gate by volume measured in a loose, dry condition. In 
the determination of the field mix, the amount of sand 
is proportioned on a dry, loose basis; that is, a bulking 
correction is made. Either crushed rock or gravel con- 
forming to certain requirements as to quality and gra- 
dation may be used. This, as has been pointed out, 
results in the production of more concrete per unit vol- 
ume of cement when gravel is used as coarse aggre- 
gate than when stone is used, due of course, to the 
higher void content of the crushed stone aggregate. 
It has been repeatedly urged by the crushed-stone 
interests in New Jersey that concrete produced from 
crushed stone is of a better quality than that produced 
from gravel due to the difference in character of these 
two aggregates and to the higher cement content of the 
stone concrete, as expressed in terms of volume of 
cement required to produce a unit volume of concrete. 
If these claims are true, they are of considerable sig- 
nificance, because it means that, if the gravel concrete 
produced under the present specifications is satisfac- 
tory in quality, the use of crushed stone results in the 
production of a higher quality of concrete than is de- 
manded by the minimum requirements of the specifica- 
tions. If, on the other hand, the crushed-stone concrete 
is no better than it should be, the obvious conclusion is 
that the gravel concrete will not meet the minimum 
requirements. In either event, if it is shown that the 
type of aggregate does affect the quality of the con- 
crete to an appreciable degree, some readjustment 
should be permitted in order to insure concrete of equal 
quality irrespective of the type of aggregate used. 


Scope of Tests and Materials Described 

Recognizing the importance of this problem from 
both the engineering and economic points of view, the 

Bureau of Public Roads and the New Jersey State 
- Highway Commission undertook a study of the ques- 
tion through a series of carefully controlled: j Ey 
tests to determine the following: 

1. The relative strength and yield of crushed-stone 
and gravel concrete of the same proportions and- con- 
sistency, and with the same size and grading- of. coarse 
aggregate. 








2. What grading of coarse aggregate and what pro- 
portions of fine to coarse would give the greatest yield 
for each type of aggregate, when the concrete is de- 
signed for a given strength. 

In discussing the essential characteristics of paving 
concrete, it is herein assumed that in so far as strength 
is concerned, resistance to bending or flexure is of more 
significance than is resistance to crushing. Many en- 
gineers, in designing concrete pavements, employ the 
flexural strength of the concrete in calculations for 
edge and center thickness of slabs under given condi- 
tions of load and accept it as the criterion of quality 
rather than the compressive strength. It is obvious, 
therefore, that factors influencing flexural strength 
are of critical importance in so far as pavement con- 
crete is concerned. 

To secure flexural-strength tests that would not be 
unduly influenced by the size of the aggregates used, 
it was decided to make the major strength comparisons 
from the results secured with concrete beams 8 by 8 by 
48 inches in size, tested as cantilevers for flexural 
strength using a device similar to that described by 
Clemmer in Public Roads for May, 1926. It was also 
decided to use the ends of the beams from the flexure 
tests as compression specimens in determining the 
crushing strength of the concrete as well as the 6 by 12 
inch cylinders which were cast for this particular pur- 
pose. Tests were to be made on all specimens at the 
age of 28 days, as well as additional series of tests on 
the 1:134:314 specimens at the age of six months. 
Accurate measurements of the yield of concrete ob- 
tained from each batch were also to be taken. 

Thirteen gradations of crushed trap rock and gravel 
were employed, ranging from a 3-inch maximum down 
to a l-inch maximum size. Well-graded and poorly 
graded combinations were used, the object being to 


3 INCHES 2 gINCHES 2 INCHES 
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Fig. 2.—Relation Between Aggregate Gradings and State Speci- 
fication for Size of Crushed Stone. Areas Cross Hatched 
Indicate Specification Limits. 


cover quite a wide range of coarse-aggregate gradations 
within these limits. The exact screen analysis. of each 
combination is shown in Table 1 and is plotted graphi- 
cally in Figures 1 and 2, which also show the present 
New Jersey State requirements for crushed stone for 
concrete pavements. State requirements for gravel 
for concrete are similar to those for crushed stone 
except that more material finer than one-half inch 
is permitted in the gravel than the crushed stone. For 
convenience in visualising the gradings of the coarse 
aggregate, the fineness modulus of each combination 
was calculated and is shown in Table 2, together with 
the “maximum size,” a value to be used in connection 
with any design calculations which might be made by 
the fineness-modulus method. This table also shows 


Table 1.—Gradings of coarse aggregates used in tests. 














Coarse Total per cent passing screens with round openings 
| Tie a eee eee 
gate 
grading} 3.inch |2}4-inch| 2-inch seme I-ineh | 34-inch Meinch ned Yeineh 
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et ee een! Ere ate eh ee. 
; eee 100 80 65 45 4 Se 15 | 5 0 
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PIO, Ee ae 100 85 | 70 60/' 40 25 5 0 
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Bice eeulbidécad 100 65 | 35 Oy Som eae ie Cee Se AN eee 
AEN SS SSR 100 85 60 40 30 10 0 
er PR peeraeat 100 70) 4] 30) | 5 0 
ARRAS La Sees 100 | 60 20 (TRS Res Sree 
REN Oe fe ctgonae 100 | 49 30 25 20 5 0 
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Gers qaseinae | ee ae 100 60 40 15 5 0 
SA, Seer pvcceneainesonins | 100 40 10 Re. ees ‘ 
Sas SSRN [poseoees STE SPINE 100 50 ne WYER 
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the percentage of fine aggregate required by the fine- 
ness-modulus method for each gradation calculated 
on the basis of the sand employed in these tests. 

The crushed stone was obtained from Bound Brook, 
N. J., and the gravel from Morrisville, Pa. The rock 
is representative of the extensive deposits of basalt 
(trap rock) quarried in northern New Jersey. This 
material is very hard and tough, showing a percentage 


of wear of 2.2 (French coefficient equals 18.2), apparent 


specific gravity of 2.97 (weight per cubic foot, solid, 
185 pounds), and a water absorption of 0.05 per cent. 
The gravel is representative of material of the type 
used extensively throughout this region. It consists 
essentially of rounded fragments of sandstone, flint, 
and quartz, has an apparent specific gravity of 2.65 
(weight per cubic foot solid, of 165 pounds) and a 
water absorption of 0.68 per cent. 


Table 2.—Fineness moduli of aggregates used in tests. 











; | 
Coarse aggregate grading No. ee — | auired 
Inches Per cent 
3 8.0 31 
3 8.6 39 
3 7.5 | 30 
3 7.9 30 
3 8.4 37 
1% 7.2 35 
2 7.6 30 
ms 8.0 37 
2 7.6 32 
1 6.8 39 
i 7.3 37 
1 7.7 | 42 
1 7.2 45 
 calinijebiedninandid 3.2 |nvoneenente= 











1 Calculated by fineness-modulus method for a designed strength of 3,500 pounds 
per square inch, slump of 1 inch and with the sand employed in these tests. 
The fine aggregate used in the tests was also ob- 
tained at Morrisville, Pa., and meets all the conven- 
tional tests for first-grade concrete sand. The physical 
properties of the sand are shown below. Its apparent 
specific gravity was 2.65 (weight per cubic foot, solid, 
165 pounds and its weight per cubic foot, dry, and 
shaken to refusal 108 pounds). 
Physical properties of fine aggregate consisting essentially of 
subangular quartz grains containing some 


chert and sandstone. 
Sieve analysis: 


Total retained on %4-inch screen........... per cent.. 7 
| 2” ey ee Dike 24 

POO. A a eos hv weed Owass 38 

DE, Te CROWS, sok sve gree eine d0,.... 

ee. ere x eee 86 

DRO: Oe WO eis Vixcoual eke ene do 95 

Fee NIN 3.31 cowitelenSrwek gies wie aie a eee Saree do. 1.8 
Weight per cubic foot (shaken to refusal). ‘pounds. . 108 
Tensile strength ratio at 7 days............... per cent.. 123 
WS -ONEe s 5k Sawhoeenuaaiels do. 120 


The cement was a standard Portland passing all 
physical test requirements. It was a brand used ex- 
tensively in New Jersey. 
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The percentage of voids for each aggregate in each 
of the 13 grading combinations as calculated from the 
apparent specific gravities and the unit weights are 
shown in Table 3. These values were used in all calcu- 
lations of volume-weight relations. 


Table 3.—Weight per cubic foot and percentage of voids of 
coarse aggregates. 











Crushed stone Gravel 
Coarse aggregate grading No. 
welb Vv wank, Voids 
per cu oids | per cu’ () 
foot foot 
Pounds | Percent | Pounds | Per cent 
110 41 108 34 
97 48 97 41 
106 43 107 35 
103 44 108 34 
94 49 96 42 
102 45 106 36 
103 44 105 36 
97 48 97 41 
104 44 107 35 
97 48 105 36 
98 47 104 37 
o4 49 Qs 41 
90 51 96 42 




















Test Procedure for Series A 


In series A the concrete was proportioned by volume, 
using a nominal mix of 1:134:314. As far as could be 
measured by the use of the flow table, a constant con- 
sistency was maintained throughout the series, the 
quantity of water being varied as necessary. The flow 
test was made on the 30-inch flow table, using 30 drops 
from a height of one-half inch. In this report the flow 
is expressed as the final diameter in tenths of inches of 
a truncated cone of concrete, which had an original 
diameter at the base of 10 inches. For éxample, a flow 
of 140 indicates a final diameter of the base of 14 
inches. The consistency employed, which was as nearly 
as possible that required in actual construction, gave a 
flow of 140 corresponding to a slump of from 1 inch to 
2 inches. It was found necessary to vary the water- 
cement ratio from 0.67 to 0.83 in order to maintain 


Table 4.—Water-cement ratio used in series A to produce 
concrete of uniform consistency. 


(Proportions: 1: 134:3}4 by, volume. Consistency: Flow equals approximately 140] 
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a constant consistency throughout the range of coarse- 
aggregate gradings. The water-cement ratios used in 
series A are given in Table 4. No correction for water 
absorbed by the aggregate was made in calculating 
these values. 

The actual quantities of materials required for each 
batch of concrete were determined by weight, using 
the volume-weight relations given in Table 3. A suf- 
ficient quantity of each size of aggregate was weighed 
for each batch, so as to secure the required total vol- 
ume. In this way, all tendency toward segregation 


‘was avoided. In order to properly gauge the quantity 


of water required for each test batch, a trial batch of 
the same proportions was mixed by hand and the proper 
amount of water determined by trial. This procedure, 
while adding considerably to the labor involved, re- 
sulted in test batches of much greater uniformity in 
consistency than would otherwise have been possible. 

The actual test batches were mixed in a 1-bag gaso- 
line-driven mixer. For the gradings numbered 1 to 5, 
inclusive, the quantities of materials used in each batch 
were based on a coarse aggregate volume of 1.8 cubic 
feet, producing a slight excess of concrete over that re- 
quired for one beam. For the gradings numbered 6 to 
13, inclusive, quantities were based on a coarse-aggre- 
gate volume of 2.4 cubic feet, producing sufficient con- 
crete for one beam and three cylinders. All batches 
were mixed for two minutes after all ingredients had 
been added. After mixing, the batch was dumped upon 
a water-tight platform, flow tests for consistency made, 
and specimens cast. Concrete was rodded into molds. 
in accordance with approved methods of molding. Ac- 
curate determinations of yield were made by determin- 
ing both the volume and the weight of the concrete 
remaining after the specimens had been cast. 

Specimens were cured for 24 hours under damp 
cloths in the laboratory, after which the forms were 
removed and the specimens placed in a moist room 
until tested. Tests were made at 28 days and at 6 
months. 

To eliminate the effect of other variables on the 
relative strength of the crushed-stone and gravel con- 
crete, specimens employing crushed stone and gravel 
of the same gradation were always cast in pairs. The 
entire series of gradations was also completed before 
being repeated, several days usually elapsing between 
the first and second rounds. Variations in temperature 
and humidity conditions throughout the test were com- ' 
pensated for in this way, making possible a more satis- 
factory comparison of the effect of aggregate grading 
on strength. 
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In testing the beams for flexural strength, two breaks 
were made on each specimen and the results averaged 
and reported, after calculation, as the modulus of rup- 


Average compression test values, as given in Table 6, 
were obtained in the same manner, except those for 
gradings Nos. 6 to 13, inclusive, each value for each 


ture for the round. (See Table 5.) The corresponding 
values for round 2 were obtained in the same way. The 
average of the two rounds was reported as the average 
value for the type of aggregate, the grading, and the 
age involved. Each average value for modulus of 
rupture represents four breaks on two specimens tested 
on different days. 


round is the average of tests on three cylinders. 


Test Procedure for Series B 


In series B an entirely different method of propor- 
tioning was employed, but the various details of mixing, 
molding, curing, and testing were exactly the same as 
in series A. In this series the concrete was designed 


Table 5.—Flexural strength of concrete specimens of series A mixed in the proportions 


1:1%:3% by volume (nominal mix) and 
with a flow approximately 140. 















































Modulus of rupture, 28-day tests Modulus of rupture, 6-month tests 
Coarse aggregate grading No. Stone Gravel Stone Gravel 

Round | Round Round | Round Round | Round Round | Round | 
No.1 | No.2 | Average | “No.1 | “No.2 | A¥eFA8e| “No.1 | No.2 | AVerage! “No.1 | No.2 | Average 

{ 
Lbs. per | Lbs. per | Lbs. pe Lbs. per | Lbs. per | Lbs. per | Lbs. per Lbs. per | Lbs. per | Lbs. a Lbs. per | Lbs. pe 

8q. in. 8g. in. 8g. in. sq. in. sq. in. sq. in. sq. in. 8q. in. sq. in. sq. in. 8q. in. sq. in. 

1 545 555 475 500 610 670 640 590 585 590 
535 515 525 470 455 460 610 590 600 575 590 580 
620 575 600 455 510 480 630 655 640 580 560 570 
600 630 615 520 530 525 680 650 665 605 600 600 
540 625 580 530 555 540 675 705 690 610 590 600 
550 555 550 455 490 470 705 770 740 625 555 590 
505 465 485 435 480 460 680 655 670 635 555 595 
515 515 515 435 475 455 770 660 715 655 560 610 
550 630 590 490 605 550 700 780 740 695 675 685 
575 610 590 540 555 550 605 735 670 595 640 620 
690 610 650 560 490 525 670 645 660 645 550 600 
525 585 555 520 465 490 675 685 680 580 555 570 
555 575 565 565 535 550 690 720 705 630 580 605 
Sa aan ere! Sere: eter Peter ee PETS, Pe et See ae | pceieanies 600 
Maximum... I | | GOR BEES | EEE RE ERE RRs: 685 
Wasco nsc<cckctunccunines ee ch cacenass | 4 Ea GPA | REE dha aoe: 570 

















1 Determinations made on concrete beams 8 by 8 by 48 inches in size, tested as cantilevers. Each value is the average of two breaks on one beam. 


Table 6.—Compressive strength of concrete specimens of series A mixed in the proportions 1:1%:3% by volume (nominal mix) 
and with a flow of approximately 140. 












































Crushing strength, 28-day tests Crushing strength, 6-month tests 
Coarse aggregate grading No. Stone Gravel Stone | Gravel 
Round | Round Round | Round Round | Round | Round | Round 
o.1 | No.2 | ¥eP@] “Not | No.2 | Aver@ee| Not | No.2 | Average | No.1 | No.2 | Average 
Lbs. a Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. - Lbs. per | Lbs. al Lbs. per 
8g. in. sq. in. 8g. in. sq. in 8g. in. sq. in. 8g. in. $q. in. 8g. in. 8q. in. 8g. in. 8q. in 
Di cnteigieeiia eaipinraeuatibemslactetetaabieeainl 4, 255 3, 160 3,710 3, 580 3, 020 3, 300 
Mibu sitiehishnenininkgenpebaben Ghd keel bGneeunbi 3, 955 3, 050 3, 500 3, 600 3, 455 3, 530 
EE EEE ES ERLE RSS 4, 300 3, 385 3, 840 3, 595 3, 565 3, 580 None made. 
Di icckeebcacaswontes seu seceucsebeuueeauemeen 3, 630 3, 470 3, 550 3, 255 3, 440 3, 350 
Midingbcdiiedoenibatinaie tipaiane abun etbiemeaiial 3, 510 3, 760 3, 635 3, 475 3, 370 3, 420 
3, 285 2, 860 3, 070 3, 070 2, 890 2, 980 4, 630 5, 085 4, 860 3, 345 4, 700 4,020 
3, 145 | 2, 920 3, 030 3, 115 3, 360 3, 240 4, 050 4, 205 4, 130 4, 090 4,145 4,120 
3, 230 | 2, 720 2, 975 2, 740 2, 685 2,710 4, 535 3, 405 3, 970 4,420 3,110 3, 765 
3, 215 3, 505 3, 360 2, 860 3, 510 3, 185 3, 830 4, 090 3, 985 3, 740 4, 570 4, 155 
3, 830 3, 020 3, 425 3, 620 3, 600 3, 610 4, 695 3, 945 4, 320 4, 220 4, 525 4,370 
3,715 3, 285 3, 500 3, 635 3, 490 3, 560 4, 780 3, 295 4, 040 4,610 3, 655 4,130 
3, 530 2, 410 2, 970 3, 540 3,070 3, 305 4, 420 3, 725 4,070 4, 205 4, 305 4, 255 
3, 540 2, 890 3, 215 3, 600 3, 725 3, 660 4, 030 3, 595 3, 810 4, 495 4, 695 4, 595 
Seen ae Oe! Ree ee ES Ee. 8 FS ee S| Ee | Serene See 4, 180 
CERES NEES |) Se SES ee, Ce ee eg SR RRR EH 4, 595, 
SIR: OR AEA 2,970 |......0--Jeccccoonee| 3) 710 |-..-----nelncoeeeeeee| 8, 810 |---| eee 3, 768 





























1 For coarse aggregate gradings Nos. 1 to 5, inclusive, crushing-strength tests were made on portions of beams from flexure tests; each value is the average of two tests 
For coarse aggregate gradings Nos. 6 to 13, inclusive, crushing-strength tests were made on 6 by 12 inch cylinders; each value is the average of three tests. 
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according to the so-called trial method application of 
the water-cement ratio theory which is being advocated 
by the Portland Cement Association and which is de- 
scribed in a bulletin! published by the association. The 
design called for a crushing strength at 28 days of 
3,500 pounds, using a water-cement ratio of 0.72. The 
object was to secure data showing how variations in the 
type and gradation of coarse aggregate and the ratio 
of fine to coarse aggregate would affect the strength 
and yield when proportioned by the trial method. 

To secure a uniform consistency as used in series A 
but with a constant water-cement ratio, the procedure 
in determining the proper proportions was as follows: 

A paste of water and cement in the ratio required 
(0.72) was prepared and added to a mixture of fine and 
coarse aggregate until a consistency was obtained ap- 
proximating a flow of 140. Three mixtures of fine 
and coarse aggregate were used. They were propor- 
tioned by volume in the following ratios, 33:67, 36:64, 
and 40:60. Trials were made with small hand-mixed 
batches for each type and grading of coarse aggregate, 
using each of the ratios of fine to coarse aggregate, and 
the proportions for the test batches were calculated 
from the resulting weights. The calculated proportions 
in series B for all combinations are given in Table 7. 
This work was done in strict accordance with the pro- 
cedure recommended by the Portland Cement Associa- 
tion for the design of concrete mixtures. 

There were slight differences in consistency between 
the machine-mixed batches and the small trial batches, 
even when gauged with the same amount of water, and 
some preliminary experimental work was necessary to 
establish the relation between the two. After a little 
experience it was found possible to proportion the trial 
batches for a water-cement ratio of 0.72, so that the 
consistency of the large test batches after two minutes 
mixing would not vary more than +5 points from a 
flow of 140. Any batches showing a greater deviation 
were discarded. 

The necessity of maintaining a uniform consistency 
was recognized. It is realized, of course, that there is 
an intimate relation between consistency, water-cement 
ratio, and proportions for different gradations of aggre- 
gate. If any two of these factors are kept constant, it 
is necessary to vary the other whenever the aggregate 
grading varies. In this case only the coarse aggregate 
varied and the sand remained constant. In series A 
the proportions and consistency were kept constant and 
the water-cement ratio varied, while in series B the 


*Design and Control of Concrete Mixtures, published by the 
Portland Cement Association, Chicago, II. 


MODULUS OF RUPTURE — POUNDS PER SQ. INCH 
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Fig. 3.—Results of Flexure Tests of Concrete Specimens of 


Series A. 
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Fig. 4.—Results of Crushing Strength Tests of Concrete 
Specimens of Series A 


consistency and water-cement ratio were kept constant . 
and the proportions varied. The latter is, of course, ' 
the rational method if we assume that strength is pro- 
portional to water-cement ratio within the range of 
workable mixtures. 


Strength Data Obtained in Series A Discussed 


As previously stated, the tests included in series A 
were made to obtain some definite information as to 
the relative strength and yield of crushed-stone and 
gravel concrete when proportioned in accordance with 
current New Jersey specifications and with the various 
coarse-aggregate gradings indicated. 

The results of the flexure tests at both 28 days and 
6 months are given in Table 5 and are plotted in Figure 
3. An examination of this table indicates that the 
crushed-stone concrete is considerably higher in 
flexural strength than the gravel concrete. The aver- 
age increase for all 13 gradations is seen to be 65 
pounds per square inch at 28 days, and 80 pounds per 
square inch at 6 months; approximately 13 per cent in 
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both cases. The concordance of the results is quite re- 
markable in view of the rather limited number of test 
specimens involved. Out of a total of 52 pairs of test 
specimens in the group, the crushed-stone concrete 
shows higher flexural strength in 49 cases; the values 
are the same in one case and the gravel concrete shows 
higher values in two cases. An inspection of the aver- 
ages of the two rounds shows the crushed-stone con- 
crete higher in all cases, as is indicated graphically in 
Figure 3. The results given in Table 6 and plotted in 
Figure 4, however, indicate that this difference is not 
reflected in the crushing strength of the concrete, the 
crushed-stone concrete in this case averaging prac- 
tically the same as the gravel concrete at each period. 
These tables and figures do not reveal any consistent 
relation between either maximum size or gradation 
of coarse aggregate and the strength, either flexural or 
crushing. This is not particularly surprising in view 
of the small number of specimens of each gradation 
represented. This would seem to indicate that possibly 
variations in grading do not have a very marked effect 
upon strength, at least in so far as. concrete of this 
particular proportion (1:134,:314) is concerned. It is 
true that a number of the mixes were undersanded 
when judged by the standard set-up by the fineness- 
modulus method of proportioning. Gradings Nos. 2, 
5, 8, 10, 11, 12 and 13 when proportioned by this method 
would require a sand-coarse aggregate ratio of ap- 
proximately 2:3 instead of 1:2 as given by the 
1:134,:314 mix. 


70 


600 


MODULUS OF RUPTURE - POUNDS PER SQ. INCH 


12345 6789 1011 1213 


12345 678910111213 
GRADING NUMBER 
Fig. 5.—Results of Flexure Tests of Concrete Specimens of Series B, 28-Day Tests 


In the case of the smaller aggregates, as for instance 
gradings Nos. 10 to 13, inclusive, it is probable that 
this additional sand would have necessitated sufficient 
additional water for the same consistency to cause an 
appreciable lowering of the strength. Variations in 
the water-cement ratio required: because of variations 
in coarse-aggregate grading with a fixed quantity of 
sand, as used in this series (Table 4) do not appear to 
be sufficient to affect the strength consistently. This 
fact is of considerable practical significance because it 
indicates that changes in the water content made 
necessary on the job to maintain a given consistency 
when variations in coarse-aggregate grading occur do 
not affect the strength as much as is sometimes sup- 
posed. There is, however, a very appreciable effect on 
yield, and therefore on relative economy, which will be 
discussed later. 


Strength Data Obtained in Series B Discussed 


The data secured as the result of tests of series B 
are interesting because we have not only an oppor- 
tunity to study variation in strength for a fixed water- 
cement ratio, but we can also study the effect of varia- 
tion in the ratio of sand to coarse aggregate on the 
strength and yield. It will be remembered that in this 
series the concrete was proportioned by trial so as to 
give a consistency of 140 by the flow test for a water- 
cement ratio of 0.72 and that three sand-coarse-aggre- 
gate ratios were employed, 33:67, 36:64, and 40:60. 
The actual proportions which were derived are given in 






RATIO Fi 
COARSE AGGREGATE 
40:6 
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Table 7, and vary all the way from a 1:1.67:2.50 mix 
for grading No. 10, stone (40:60 ratio), to a 1:1.98:3.96 
mix for grading No. 2, gravel (33:67 ratio). The re- 
sulting yield and therefore economy of these mixes 
will be discussed later. These mixes were all designed 
to give a crushing strength at 28 days of 3,500 pounds 
per square inch. 


‘Table 7.—Proportions used in series B to obtain flow of 140 
with water-cement ratio of 0.72. 























Coarse | Ratio sand to coarse Ratio sand to coarse Ratio sand to coarse 

aggre- aggregate 33: 67 aggregate 36: 64 aggregate 40: 60 

gate 

grading 

No. Stone Gravel Stone Gravel Stone | Gravel 
+1. 68:3. 37) 1:1. 72:3. 44) 1:1. 72:3. 1: 1. 81:3. 22 1:1.7%:2.67 1:1. 85: 2. 78 
21, 96:3. 1: 1. 98: 3. 96) 1: 1. 96:3. 49) 1:2.01:3. 1:2. 05: 3. 07! 1: 2. 14:3. 21 
1,62: 3. 24) 1: 1. 68:3. 36) 1:1. 70: 3.03) 1:1. 82:3. 24) 1: 1.86: 2.79) 1: 1.92: 2.88 
+1. 79:3. 58) 1: 1. 63: 3.27) 1: 1. 84:3. 28) 1:1. 85: 3. 1:1. 98: 2. 1: 1. 99: 2. 99 
+1, 88:3. 1: 1, 90:3. 1:1. 97:3. 51) 1:1. 99:3. 1:1, 92: 2. 1: 2. 18:3. 28 
31. 52:3. 1: 1. 55:3. 11) 1:1. 63:2. 1: 1, 66: 2.95) 1:1. 84: 2. 76) 1:1. 88: 2. 82 
+1. 57:3. 1: 1. 70: 3. 1:1. 80: 3. 1: 1, 73:3. 1: 1. 82: 2.73) 1: 1. 88: 2. 82 
11.84:3. 1:1. 87:3. 75) 1: 1. 93:3. 44) 1: 1.95: 3.47) 1:2. 02:3. 03) 1: 2.01: 3.02 
21. 67:3. 34) 1: 1. 71:3. 42) 1:1. 90:3. 1:1. 81:3. 1: 1. 78: 2. 68] 1:1. 89: 2. 83 
21.47:2. 1-1. 47:2. 94) 1:1. 53: 2. 1: 1. 52: 2.71) 1: 1. 67: 2. 50) 1:1. 78: 2. 68 
+1. 59:3. 1: 1, 62: 3. 24) 1:1. 70: 3. 03 1:1. 72: 3. 06) 1:1. 91: 2. 87} 1: 1. 83: 2. 74 
21. 72:3. 1: 1. 82:3. 64) 1: 1. 90:3. 38 1: 1, 80: 3. 20) 1: 2. 06: 3.09) 1: 2. 03: 3.05 
21. 62:3. 1: 1, 67,3. 35) 1:1. 74:3. 1 1:1. 71:2.) 1:1, 91: 2. 86) 1: 1.93: 2.90 





however, not quite so great, ranging from 10 per cent 
for the 33:67 mix to 13 per cent for the 40:60 combina- 
tion. 

The figures demonstrate the danger of designing 
concrete for resistance to flexure solely on the basis of 
water-cement ratio without regard to the type of aggre- 
gate employed. 

Reverting again to Figure 5 and discussing the detail 
values for flexural strength in series B, it is seen that 
the graphs show considerable variation in strength. 
Attention should be called, however, to the fact that 
the vertical scale to which these values have been 
plotted is very large and that in reality the deviations 
from the group averages are in general quite small. 


- 


CRUSHING STRENGTH 
POUNDS PER SQ.INCH 


The results of the flexural strength test for each of 


the three aggregate ratios are shown in Table 8 and 
are plotted in Figure 5. Inspecting general averages, 
not only were almost identical values for moduli of 
rupture at 28 days found as were found for series A, 
but what is somewhat more significant, the same rela- 
tive increase in strength for the crushed-stone concrete 
as compared with the gravel concrete was found. These 
average values are grouped together for comparison in 
Table 9 and Figure 6. The percentage of increase, is 


SERIES A o——« 
SERIES B (33:67) O—-—- 
SERIES 8 (36:64) o----~+ 
wS SERIES B (40:60) O—--—« 
Sz STONE « 
$¢g GRAVEL © 
2% 
s¢ 
ws 
43 
22 





60 6.2 64 66 68 
CEMENT FACTOR-BAGS PER CUBIC YARD 


Fig. 6.—Relation Between Strength of Concrete and Cement 
Factor. General Averages for all Gradings. 


Table 8.—Flexural strength of concrete specimens of series B, 28-day tests* 





Ratio sand to coarse aggregate 33 : 67 


Ratio sand to coarse aggregate 36: 64 


Ratio sand to coarse aggregate 40: 60 









































Coarse aggregate Stone Gravel Stone Gravel Stone | Gravel 
grading No. | 
Aver- | Round! Round} Aver- | Round| Round} Aver- | Round| Round| Aver- | Round| Round} Aver- | Round| Round| Aver- 
age No.1 | No.2 age No.1 | No.2 No.1} No.2 age No.1 | No.2 age No.1 | No.2 age 
| | 
Lbs. per| Lbs. per| Lbs. per| Lbs. per Lbs. per| Lbs. per| Lbs. per Lbs. per| Lbs. per Lbs. per' Lbs. per| Lbs. per, Lbs. per Lbs. per| Lbs. per| Lbs. per 
sq. in. . in. | sq. in . in. | sq. in. | sq. in . in. | sq. in . in. | ag. in. | sq. in. | sq. in. | 3q.in. | sq. in.) sq. in. | sq, in. 
. 600 7” 640 | 7 585 : 615 585 7 600 25 4 555 540 690 565 630 . 575 550 

485 515 | 515 515 565 560 560 570 685 630 720 595 660 625 £20 570 
605 575 540 560 560 635 600 510 505 510 585 645 615 475 505 490 
€00 505 500 500 605 655 630 525 550 540 555 570 560 525 510 520 
560 605 530 520 560 505 530 480 525 500 495 525 510 545 520 530 
570 530 | 500 515 580 640 610 500 560 605 600 530 530 
555 555 510 530 665 590 630 515 465 510 
540 490 485 490 585 47 530 525 480 520 
510 400 455 600 555 580 540 525 ! 520 

620 505 590 550 600 580 590 510 475 530 
575 515 § 510 600 590 595 480 535 440 
565 515 500 510 | 575 600 590 545 570 470 
650 530 585 560 | 595 58 590 510 510 515 
| ese  ) eoeices FER eS aes 515 
St hh vacenae See MP lesbo mietlngntoes eee ent 570 
Be Indecnaws PPR : 455 |---e-n--]------- 530 prreeeees | i aladhieaiina 440 









































1 Determinations made on concrete beams 8 by 8 by 48 inches in size. Each value is the average of two breaks on one beam. 
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Table 9.—Comparison of average results of 28-day tests of 
series A and series B. 








Ratio of | Average Avera | 

ge | Average 

Series Coarse aggregate — — crushing | cement 

P- | strength | factor 

aggregate| ture 

Lbs. per | Lbs. per | Bags per 

sq. in. 8q. in. cu. yd. 
A 33:67 570 3, 370 6.4 
33:67 505 3, 340 6.0 
B 33:67 580 3, 360 6.6 
33:67 525 3, 360 6.1 
B 36:64 590 3, 440 6.6 
36:64 525 3, 310 6.2 
B 40:60 580 3, 600 6.8 
40:60 515 3, 290 6.3 























Note.—Each value for flexural strength is the average of 52 tests. 
Each value for crushing strength is the average of 68 tests. 


In series A the proportions were 1:134:314 by volume; flow, 140; water-cement ratio 
varied from 0.67 to 0.81. 


In series B the proportions were determined by trial (Portland Cement Association 
method to give a flow of 140, with a water-cement ratio of 0.72). 


Table 10 shows the deviations in percentage of the 
individual values for each grading and type of aggre- 
gate from the group average. It will be seen that the 
average deviations for the three groups in series B are 
essentially the same and are slightly less than those in 
series A. It is interesting to note also that in six 
cases out of eight, grading No. 2 shows a deviation in 
excess of 5 percent. This was a poorly graded material 
with a maximum size of 3 inches. The most significant 
detail as regards these figures, however, is the fact that 
for all intents and purposes the flexural strengths ob- 
tained in series B for each type of aggregate are prac- 
tically uniform, the deviation being no more than must 
be expected even in carefully conducted laboratory 
work. 


Table 10.—Deviations in per cent of individual values for 
flexural strength from the mean of each group and for each 
material, based an 28-day tests.’ 


Series A Series B 








| Ratio fine to | Ratio fine to | Ratio fine to 
| coarse aggre- | Coarse aggre- | coarse aggre- 
gate, 33 : 67 gate 36 : 64 gate 40:60 


Coarse aggregate 
grading No. 
Stone | Gravel 


| 












































| Stone | Gravel) Stone | Gravel] Stone | Gravel 
Per ct. | Per ct.| Per ct.| Per ct.| Perct.| Per ct.| Perct.| Per ct. 
—3) -—1] +3] +11] 42] +43) +9 | +9 
-8 | =—o| <0! =—8] <8) 4upt ane! 488 
4+5| —5| +4] +7] 42] -3|°46| <8 
+8) +4] +3] -—5| +7] 43] -3] +41 
+2} +7] -3| -1]) —00] -—5] —:2} 43 
—4| -7| -—2; -2] +3] +1] +3] +43 
15) -8) -—4/ 43] 47] =7) <1 —1 
—10}| -10} —7 -—7| —10 —5 -5| +41 
+4} +9) +2] -13) -2) 41 —1| +1 
+4| +9) +7] +45 0}; —7 0) +3 
+144} 44) -1] -3] 41] -3] -5] -15 
—3} -3]/ -3| -3 +7 0 -9 
+1; +9] +12] +7 o| -3 0 | 0 
Average deviation} 6| 7 | 5 5 4 5 5 | 5 
! 











! Total number of values, 104. Number in which deviation exceeds 10 per cent, 11+ 
number in which deviation exceeds 5 per cent, 38; number in which deviation is 
5 per cent or less, 66. 


The results of crushing strength tests on specimens 
of series B are shown in Table 11 and are plotted in 
Figure 7. The group averages are summarized in 
Table 9. As in the case of the flexure tests, the devia- 
tion from the averages are, in general, neither con- 
sistent nor of great magnitude. Either of the three 
aggregate ratios seem to produce concrete of about 
the same strength regardless of grading, which again 


Table 11.—Results of crushing strength tests of specimens of 
series B at age of 28 days’ 


RATIO OF FINE TO COARSE AGGREGATE 33 : 67 




































































Crushed stone Gravel 
Comsat = ater? 
SPORE NC. Round | Round Round | Round 
No.1 | No.2 | A¥erage| “Not | No.2 | Average 
Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per 
sq. in. sq. in. sq. in. sq. in. sq. in. sq. in. 
3, 370 3, 215 3, 290 3, 230 3, 595 3, 410 
3, 370 3,040 3, 205 3, 220 3, 185 3, 200 
4, 230 3, 860 4, 045 3, 785 3, 855 3, 820 
3, 825 4, 065 3, 945 3, 690 3, 240 3, 465 
3, 590 3, 150 3, 370 3, 820 2, 605 3, 210 
3, 710 3, 205 3, 460 3, 345 4,075 3, 710 
3, 455 3, 145 3, 300 3, 375 3, 410 3, 390 
2, 950 2, 645 2, 800 3, 200 3, 210 3, 205 
3, 695 2, 985 3, 340 3, 365 3, 720 3, 540 
4,025 3, 090 3, 560 3, 490 3, 405 3, 450 
3, 710 3, 000 3, 355 3, 635 2, 580 3, 210 
3,025 2, 580 2, 800 3, 120 2, 535 2, 830 
3, 465 2, 945 3, 205 3, 205 3, 315 3, 260 
| EES ens el Pen  ] aE, ee 3, 360 
- NER ae: Secret | eee eee: 3, 820 
RS, SRE, eee. | RR aE 2, 830 
| 
FINE TO COARSE AGGREGATE 36: 64 
3, 520 3, 245 3, 380 3, 605 3, 385 3, 495 
3, 090 3, 075 3, 080 3, 245 4,015 3, 630 
3, 975 3, 560 3, 770 , 165 3, 160 3, 160 
3, 645 4, 060 3, 850 3, 190 3, 325 3, 260 
3, 455 3, 375 3,415 2, 975 3, 685 3, 330 
3, 790 3, 805 3, 800 3, 190 3, 815 3, 500 
3, 285 3, 925 3,605 + 3,085 3, 215 3, 150 
2, 845 2, 895 2, 870 2, 885 2, 725 2, 805 
3, 125 3, 190 3, 160 3,170 3, 000 3, 085 
3, 550 3, 950 3, 750 3, 640 3, 680 3, 660 
3,175 3, 785 3, 480 3, 225 3, 935 3, 580 
3, 025 3, 310 3,170 3, 440 2, 990 3, 215 
3, 225 3, 580 3, 400 2, 870 3, 515 3, 190 
lesbialis icabadatinsd aerial ooh 0 | ee See 3, 310 
EAE SE, EERE Ce 3, 660 
5 cmraanad liacew eed 2 | ape eae 2, 805 
RATIO OF FINE TO COARSE AGGREGATE 40: 60 
3, 970 3, 360 3, 665 3, 040 3, 460 3, 250 
3, 335 3, 805 3, 570 3, 490 3, 425 3, 460 
3, 765 4, 065 3,915 3, 045 3, 890 3, 470 
3, 670 4, 190 3, 980 3, 240 2, 895 3,070 
3, 500 3, 590 3, 545 3, 365 3, 150 3, 260 
4, 165 3, 385 3, 775 3, 490 3, 460 3, 475 
3, 540 2, 865 3, 200 3, 180 3, 630 3, 405 
3, 200 3, 060 3, 130 3, 285 3,115 3, 200 
3, 720 3, 475 3, 600 3, 190 2, 970 3, 080 
4,055 3, 920 3, 990 3, 610 3, 260 3, 435 
3, 610 3, 600 3, 605 3, 480 3, 285 3, 380 
3, 145 3, 235 3, 190 3, 020 2, 625 2, 820 
3, 435 3, 905 3, 670 3, 540 3, 365 3, 450 
L Cah aweeebebaamaesed ae 3, 290 
ERLE ECS eee 3,475 
chanced [rmcenencne | Sees aE 2, 820 


























1 For coarse-aggregate gradings 1 to 5, inclusive, crushing-strength tests were made 
on portion of beams from flexure tests. Each value is the average of two breaks. 
For coarse-aggregate gradings 6 to 13, inclusive, crushing-strength tests were made 
on 6 by 12 inch cylinders. Each value is average of three tests. 


Or ae 


4 
e 
% 
é 
4 
oy 


Rae att BF te RETR Mareen ar 


EYEE ATI LE PETE NY SIO 


ee Oo 





— 
=) 


The Crushed Stone Journal 





March, 1928 





500 


300 


200 


COARSE AGGREGATE 


CRUSHING STRENGTH—POUNDS PER SQ INCH 


12345 67 8 91011 i2 13 


COARSE AGGREGATE 





12345 6789 10 tb 1213 


A ! 
COARSE AGGREGATE 


CRUSHED STONE e—e 
GRAVEL Ge=0 


'2345 6789010111213 
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Fig. 7.—Crushing Strength of Concrete Specimens of Series B at Age of 28 Days 


seems to indicate that so far as strength alone is con- 
cerned grading of coarse aggregate within the limits 
here indicated is not an important factor. The words 
“strength alone” are used here and elsewhere advisedly. 

Aside from the yield or relative economy of the dif- 
ferent gradations, which is a subject entirely apart 
from the question of quality, variations in grading 
which produce harsh concrete difficult to handle and 
place, will unquestionably affect the strength on the 
job, because of the invariable tendency of the concrete 
gang to use excess water with such a mix. In these 
tests an effort was made to secure comparable work- 
ability of the different batches by means of the flow 
test. The slump test was, of course, entirely unsuited 
to this kind of work. The flow test was used because 
' there was nothing better. It is, however, not a test 
for workability in the strict sense of the word, so that 
several of the undersanded mixtures with the ratio of 
fine to coarse aggregate of 33:67 were probably un- 
workable in’ the sense that they would have been 
difficult to place and finish on the job. The point that 
it is intended to emphasize is, that it was possible to 
control the water-cement ratio in the laboratory but 
it would not be at all easy in actual construction unless 
the control was very rigid. 


Absorption Tests Made 


A short series of absorption tests was made on the 
concrete of series A at age of six months. The results 
are given in Table 12 and indicate that there is prac- 


tically no difference between the absorption of the 
stone and the gravel concrete. These tests were made 
by immersing samples of concrete from the broken 
beams in water for 24 hours and noting the increase 
in weight. 


Table 12.—Absorption tests on concrete of series A at age of 
six months 
































| Water absorbed by stone Water absorbed by gravel 
concrete concrete 
Coarse aggregate |...  sssSSSSSF 
grading No. ls . ls ; | 8 8 

| Specimen! Specimen pecimen| Specimen 

| No.1 | No.2 Average |""No.1 | No.2 | Average 

| Per cent | Percent | Percent | Percent | Percent | Per cen 
Miudénctadbobeticuewodl . 5 5.0 5.3 4.8 5.9 5.4 
Dig adspunserssacsouas | 5.8 4.8 5.3 4.8 5.2 5.0 
| RS ental 5.9 | 5.6 5.8 5.6 5.5 5.6 
_ TE RE IEICE 4.3 | 5.1 4.7 4.5 5.0 4.8 
RACES SRE Ee. 4.3 5.6 5.0 4.9 5.0 5.0 
_ ERATE 5.6 5.6 5.6 5.6 5.8 5.7 
Uetiaeiahiddé bodieeeknel 5.6 5.6 5.6 5.1 4.9 5.0 
Wxatenbidmahiandwalbaced 5.0 6.3 5.7 5.0 5.4 5.2 
ENE TESS 6.0 5.8 5.9 4.8 5.2 5.0 
ORES 6.2 5.8 6.0 5.1 6.0 5.6 
Tt wstcadesaswoniastd 5.2 5.7 5.5 4.8 5.9 5.4 
SE et 4.9 5.0 5.0 5.2 5.8 5.5 
ae 5.4 5.8 5.6 5.6 5.5 5.6 

Ce Ce Sa en es | Se eee 5.3 











Yield of Concrete Discussed 


A study of the relative economy of various concrete 
mixtures, all of which may have the same strength, is 
just beginning to occupy the attention of engineers and 
progressive contractors. It was formerly assumed and 


is still stated in many handbooks that, for a given 
proportion of cement, sand, and coarse aggregate, defi- 
nite amounts of materials are required to produce a 
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cubic yard of concrete. While the values given may Table 13.—Quantities of material required for 1 cubic yard of 
be correct as average values it is known that there are concrete, using the proportions 1:1%:3% by volume (nominal 


: ? d mix, series A). 
many factors which may appreciably alter any one or 












































more of these quantities under certain conditions. In Sina Gravel 

this report the writer is concerned primarily with the <a 

effect of type and gradation of coarse aggregate on Cement; Sand | Stone | Cement/ Sand | Gravel 

y ield. Series A van —_ — Bee sey at 
6.4 1, 210 2, 180 6.2 1,190 2, 120 

Table 13 gives the computed quantities of material a3 1’ 200 2 200 37 1 080 >in 

required for 1 cubic yard of concrete for each type and a2 117 3 200 He O00 2 140 

gradation of aggregate used in these tests, while Table ae 1 230 2 200 é1| t 160 2 O80 

14 gives the corresponding solid volumes of the ma- 83 1 200 2 160 $e | 1 100 2140 

terials and the density of the concrete (total solids a6 1 350 2 170 o3| Lie 2 110 
6.6 1, 260 2, 090 6.1 1,150 2, 060 
6.4| 1,210] 2,230 6.0} 1,130 2, 140 

PROPORTIONS " 2:34 RATIO OF FIN To 


NE 
COARSE AGGREGATE 33:67 
CRUSHED STONE CONCRETE -—~ 
o--0 


























2 GRAVEL CONCRETE Table 14.—Solid volumes of material for 1 cubic yard of concrete 
Zz for each mix of series A and total solids or density of concrete 
we expressed as a percentage of maximum possible density. 
85 
Fa Stone Gravel 
C) 
2 Coarse aggre- | 
gate grading Solid volumes Solid volumes 
of No. _.. | ee Total 
zz | solids solids 
$3 earn Sand | Stone Cement} Sand | Gravel 
a 
| Zick, Se be Bee 
Cu. ft. | Cu. ft. | Cu. ft. | Per cent Cu. ft.| Cu. ft.| Cu. ft. | Per cent 
4 2.96| 7.04] 12.70 84| 286] 679] 13.52 86 
FF S| £8) 2.3 81| 3.01] 7.21] 12.84 85 
¥ 3.06| 7.22] 12.60 85 | 286| 6.79} 13.40 85 
ag A 3.06 | 7.27] 12.38 84| 277] 6.54] 13.10 83 
? 3.30| 7.76) 12.05 86| 3.06] 7.27] 1298 86 
3.01| 7.09] 12.00 82| 277] 661] 1298 83 
3.01} 7.15 | 1217 83| 282] 6.67] 1298 83 
12345678 91 1213 123456789 Wii i213 ey po ts | = io Le ts = 
3.01 y 12.1 j 6. . 21 
7 Comet Pa pte \OABERS 3.06 | 7. 2 11. 68 81 2 82 6 $7 12.98 83 
ig. 8.—Quantities of Materials ired for 1 i ar 3.11) 7. 11. 94 83 . 86 »73 | 12,91 
g Q 4 fC — ed Cubic Yard 321| 758| 11.72; 83] 3.01| 7.09] 1279 85 
or Concrete 3.21 | 7.64] 11.30 82} 296| 6.97] 12.49 83 
| 


























expressed as a percentage of 27 cubic feet). Quantities 
of materials are plotted in Figures 8 and 9. These 
figures illustrate graphically the fluctuations in the 
quantities of materials required to produce 1 cubic 
yard of concrete due to variations in the grading of the 
coarse aggregate. Assuming unit costs for cement, 
sand, and coarse aggregate, these values may be used 
to determine the cost of the materials in a cubic yard of 
concrete for each grading and aggregate type shown. 
Allowance should be made for the fact that the figures 
for any particular case may be somewhat out of line 
because of inaccuracies which result from experimental 
errors. For this reason, comparisons of the effect of 
aggregate type on yield should only be made on aver- 
ages for all gradations, as in this way the number of 
specimens tend to largely eliminate the effect of experi- 

' Eger Suh pac babe : mental errors. The results for the individual gradings, 
Se a ae ior..t Came Tord however, are of interest to the extent that they indi- 
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COST OF MATERIAL PER CUBIC YARD OF CONCRETE 
DOLLARS 


SERIES A 


SERIES B 





123456786901 1213 1234567869 On i213 
GRADING NUMBERS 
Fig. 10.—Relation Between Grading of Coarse Aggregate and 
Total Cost of Material to Produce 1 Cubic Yard of Concrete. 
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Fig. 11.—Relation Between Grading of Coarse Aggregate and 
Total Cost of Material to Produce 1 Cubic Yard of Concrete. 


COST OF MATERIAL PER CUBIC YARD OF CONCRETE 
OOLLARS 


cate general relationships. For example, Figures 8 and 
9 show at a glance the effect of gradings 2, 5, 8, 12, and 
13 on the various quantities required to produce a cubic 
yard of concrete. The amount of cement and sand 
required is larger and the amount of coarse aggregate 
required is smaller than where the coarse aggregate 
contains the smaller sizes. 

To bring out certain possible cost relations and 
illustrate the economic features involved in this study 
in a more graphic way than could be done by a com- 
parison of quantities only, certain unit costs of ma- 
terials have been assumed. These costs are said to 
apply fairly well to conditions in New Jersey and are as 
follows: Cement, 60 cents per bag; sand, 50 cents per 
ton; and coarse aggregate $1.40 per ton. The resulting 


material costs per cubic yard are shown in Figures 10 
and 11. Note the relative high cost resulting from 
the use of gradings 2, 5, 8, and 12 of series A. The 
value for grading No. 2 crushed stone is evidently in 
error as this point should be considerably higher than 
shown. On the basis of the above unit prices, the aver- 
age cost of materials for 1 cubic yard of gravel concrete 
1:134:31%4 mix by volume is $5.38, while the corre- 
sponding value for the crushed stone concrete is $5.70, 
an increase of 32 cents, or approximately 6 per cent. 
These values and those for series B, together with the 
corresponding moduli of rupture are given in Table 17. 
Values may be calculated in a similar way for any com- 
bination of unit prices. 


of materials required for 1 cubic yard of 
concrete, series B. 


RATIO OF FINE TO COARSE AGGREGATE 33 : 67 


Table 15.—Quantities 



















































































Stone Gravel 
Coarse aggregate 
grading No. 
Cement | Sand Stone | Cement | Sand Gravel 
Bags Pounds | Pounds Bags Pounds | Pounds 
6.4 1,120 2, 320 5.9 1, 080 2, 180 
6.1 1, 260 2, 300 5.7 1, 210 
6.7 1,150 2, 300 6.0 1, 080 2,170 
6.3 1, 190 2, 300 6.2 1, 080 2, 
6.3 1, 260 2, 230 5.8 1,170 2, 120 
7.0 1, 130 2, 170 6.4 1, 050 2, 100 
6.8 1, 130 2, 190 6.0 1, 080 2, 130 
6.2 1, 210 2,210 5.8 1, 160 2, 120 
6.4 , 140 2, 250 5.9 1, 080 2, 180 
7.3 1,140 2, 080 6.7 1,050 2, 080 
6.9 | 1, 170 2, 150 6.2 1, 080 2, 100 
6.7 | 1, 210 2, 140 6.1 1, 180 2, 170 
7.0 | 1, 220 2, 060 6.3 1, 130 2, 040 
6.6 | 1, 180 | 2, 210 61 1, 110 2, 140 
RATIO OF FINE TO COARSE AGGREGATE 36 : 64 
6.6 1, 240 2, 230 6.0 1, 190 2, 100 
6.3 1,340 2, 140 5.8 1, 280 2, 030 
6.8 1, 240 2, 160 6.0 1, 190 2, 100 
6.4 1, 280 2, 180 6.0 1, 180 2, 100 
6.2 1, 340 2, 080 5.9 1, 270 2, 020 
7.0 1, 220 2, 060 6.3 1, 140 2, 000 
6.4 1, 260 2, 130 6.1 1, 160 2,010 
6.2 1,310 2, 100 6.0 1, 250 2, 000 
6.1 1, 250 2, 160 6.0 1, 160 2, 060 
7.4 1, 220 1, 960 6.8 1, 120 1, 930 
ES ETE. 6.8 1, 270 2, 040 6.3 1, 180 2, 000 
Ct askhtcnebeutenaded 6.4 1, 320 2, 040 6.4 1, 240 1, 980 
ee 6.8 1, 320 1, 950 6.6 1, 220 1,940 
Average....... 6.6 1, 280 2, 100 6.2 1, 200 2, 020 
RATIO OF FINE TO COARSE AGGREGATE 40: 60 
6.9 1,340 2, 020 6.4 1, 300 1,940 
6.4 1,440 1,940 6.5 1, 380 1, 860 
6.8 1, 360 2, 000 6.2 1, 300 1, 920 
6.6 1,380 1, 980 6.0 1, 290 1, 930 
7.0 1,440 1, 880 5.9 1, 380 1, $60 
6.8 1, 350 1, 920 | 6.2 1, 280 1, 880 
6.8 1, 330 1,910 6.2 1, 260 1, 840 
6.6 1, 430 1, 940 6.2 1, 350 1, 820 
7.0 1, 320 1, 920 6.2 1, 260 1, 870 
7.4 1, 340 1, 800 6.5 1, 260 1,830 
6.7 1, 400 1, 900 6.5 1, 280 1,840 
6.5 1,440 1, 890 6.2 1, 360 1, 840 
Solis te is tvadacia dinette drcitiol 7.0 1, 440 1, 800 6.4 1,340 1, 790 
Average....... 68 1, 300 | 1, 920 | 63 | 1,310 1, 860 
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Yield of Series B 

Data for quantities of material used and densities 
of concrete as determined for series B are shown in 
Tables 15 and 16. The quantities and corresponding 
costs are plotted in Figures 8, 9, 10, and 11 and Table 
17. These data show approximately the same relative 
difference in cost between the gravel and the stone 
concrete as in series A. It is interesting to note, how- 
ever, that one factor which produces high costs in 
concrete proportioned as in series A, has just the op- 
posite effect when proportioning is by the water-cement 
ratio trial method. When a contractor is working under 
a straight water-cement ratio specification, and sand is 
cheaper than coarse aggregate, as in this case, it is to 
his advantage to use a poorly graded stone or gravel 
because in so doing he is able to crowd more aggregate 


Table 16.—Solid volumes of material for 1 cubic yard of concrete 
for each mix of series B and total solids or density of concrete 
expressed as a percentage of maximum possible density. 


RATIO OF FINE TO COARSE AGGREGATE 33 : 67 



























































Stone Gravel 
Coarse aggre- 
gate grading Solid volumes Solid volumes 
No. Total Total 
solids solids 
Cement} Sand | Stone Cement} Sand | Gravel 
| 
Cu. ft. | Cu. ft. | Cu. ft. | Perct.| Cu. ft. | Cu. ft. | Cu. ft. | Per ct. 
3.11] 6.79! 12.54 83 | 286] 654) 13.21 84 
2.97| 7.64| 12.42 85| 277) 7.34| 13.34 87 
3.26] 6.97! 12.42 8] 291] 654! 13.15 84 
3.08 | 7.22] 12.42 84| 3.01} 654] 13.34 85 
3.06] 7.64] 12.05 8 | 281] 7.10] 1285 84 
3.40] 685] 11.74 82} 3.11] 636] 12.71 83 
3.30} 6.85] 11.84 81} 291] 654] 1291 84 
3.01} 7.33} 11.95 83] 281] 7.03] 1285 84 
3.11] 697] 1216 82| 286] 654] 13.20 84 
3.54] 6.91] 11.25 80| 3.25] 6.36] 1260 82 
3.35| 7.09] 11.62 82/ 3.01} 654] 1271 82 
3.25] 7.34] 11.56 82] 296] 7.15] 13.16 86 
3.40) 7.40] 11.13 81} 3.05| 684| 12.36 82 
RATIO OF FINE TO COARSE AGGREGATE 36 : 64 
7.52 | 12.06 | | 291] 7.22| 1273 85 
812| 1.57! 8| 282] 7.76! 12.30 85 
7.52 | 11.67 $8} 291] 7.22} 1273 85 
7.76 | 11.79 8) 291) 7.16! 127 85 
812] 11.24 8 | 286] 7.70| 1224 84 
7.40 | 11.14 81} 3.06} 691] 1212 82 
7.64 | 11.51 s2/ 296] 7.03! 1218 82 
7.94 | 11.36 8] 291} 7.58! 1212 84 
7.58 | 11.68 82/ 291] 691| 1248 83 
7.40 | 10:60 80} 3.30} 679| 11.70 81 
7.70 | 11.08 $2] 301] 7.15) 12.12 83 
8.00} 11.03 82} 311| 7.52! 12.00 84 
8.00 | 10.54 81| 3.21 7. 39 | 11.75 83 
RATIO OF FINE TO COARSE AGGREGATE 40 : 60 
3.35| 812] 10.91 $} 311) 7.88! 11.75 84 
311} 8&73| 10.49 8} 3.16) 8&36| 11.27 84 
3.30} 824] 10.81 83| 301] 7.88] 11.64 83 
3.20} 836; 10.70 82} 291] 7.82] 11.69 83 
3.40} 873] 10.16 8 | 286) 836] 11.27 83 
3.30} 818) 10.38 81| 3.01| 7.76| 11.39 82 
3.30} 806| 10.32 80} 3.01; 7.€4] 11.15 81 
3.20} 8&67| 10.49 8} 3.01| 818] 11.03 82 
3.40} 800! 10.38 81| 3.01] 7.64] 11.33 81 
3.59} 812) 9.73 79| 3.16| 7.64] 11.09 81 
3.26} 849] 10.27 g2| 3.16| 7.76] 11.15 82 
3.16 | 873) 10.21 g2| 3,01) 824) 1115 
3.40; 8&73| 973 81} &11| 812] 10.85 






































The Crushed Stone Journal 13 
Table 17.—Average costs per cubic yard of concrete, series A 
and B 

— of | Cost “ Averss 

: ne to | concre modulus 
Series Coarse aggregate coarse |per cubic |of rupture 
aggregate; yard 28 days 

A 33: 67 $5. 70 570 
33: 67 5. 38 505 

B 33:67 5. 80 586 
33:67 5.45 525 

36: 64 5.75 590 

36: 64 5. 40 525 

z 40: 60 5.75 580 

Gravel -.-- 40:60 5. 40 515 




















Costs based on the following assumed unit prices: Cement, $0.60 per bag; sand, 
$0.50 per ton; coarse aggregate, $1.40 per ton. 


into his cement paste before passing the bounds of 
workability. On the other hand, the high cost of using 
a grading such as No. 10 with a large proportion of 
relatively small sizes is at once apparent, especially 
with the smaller proportions of sand. 


Slabs of Equivalent Strength Determined 


It is of interest to compute the relative theoretical 
thicknesses of slab required to produce pavements of 
equivalent transverse strength, using the average 
values of modulus of rupture for the two classes of 
concrete as shown by the tests of series A. For this 
purpose the so-called corner formula,2 which is used 
extensively in the calculation of edge thickness for con- 
crete pavement slabs, is employed. This formula is 
usually expressed as follows: 
3P 
d= oe 


in which d=depth of slab in inches; 
s=allowable unit flexural stress in sieiaitinie in the con- 
and P=allowed wheel-load at corner in pounds. 

In both cases the usual maximum allowable unit 
stress of one-half the modulus of rupture will be em- 
ployed in the calculation. In the case of the gravel 
concrete this gives an allowable stress of 253 pounds 
per square inch and for the stone concrete a correspond- 
ing value of 285 pounds per square inch. Assuming a 
load at the corner of 8,000 pounds in each case, the 
value of d for the crushed-stone concrete reduces to 
9.18 inches and for the gravel concrete to 9.74 inches, 
an increase of 0.56 inch, or 6.1 per cent. For equivalent 
slab strengths and on the basis of the flexural-strength 
values in the concrete obtained from these tests, pave- 
ments constructed of gravel concrete should be approxi- 
mately one-half inch thicker than pavements con- 
structed of crushed-stone. concrete. 


2Older, Clifford. Highway Research in Illinois. Proc. A. S. C. 
E., 1924, p. 1180. 
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Reverting again to the previously assumed unit costs 
and adding 6.1 per cent to the cost of 1 cubic yard of 


gravel concrete as shown at $5.38, a value of $5.71 is - 


obtained, which is almost exactly equal to the unit 
cost per cubic yard of the stone concrete. In other 
words, for the unit prices assumed, the cost of ma- 
terials. required to produce concrete pavements of the 
same slab strength is almost exactly the same for both 
aggregates. A similar cost analysis may, of course, 
be made with any other combination of unit prices. 
For example, assuming cement at 50 cents per bag, 
sand and gravel at $1.20 per ton, and crushed stone 
at $1.40 per ton, the unit cost of a cubic yard of gravel 
concrete (series A) is found to be $4.96, with $5.49 as 
the corresponding cost for the stone concrete, an in- 
crease of 53 cents. In this case, adding 614 per cent 
to the cost of the gravel concrete to care for the added 
thickness, makes the total cost of material in a gravel 
concrete slab of equivalent strength $5.26 as against 
$5.49 for the stone concrete. 

These figures are given solely. to illustrate how fluc- 
tuations in material prices affect relative costs and not 
with any idea that they may be applied to any specific 
conditions. It should also be noted that, theoretically, 
there will be a somewhat higher labor cost in placing 
the gravel due to its extra thickness, although this 
item might possibly be somewhat neutralized by the 
greater workability of the gravel concrete as com- 
pared with the crushed-stone concrete. 


Conclusions Presented 


It is not intended that the conclusions given below 
and which are based on the results of these tests shall 
be considered as applicable to crushed trap rock and 
gravel of a different type and quality than those em- 
ployed in this investigation, or to kindred aggregates 
produced and marketed under conditions differing from 
those used, and should not be interpreted as applying 
to crushed-stone or gravel aggregates in general. These 
conclusions are as follows: 


1. That when coarse aggregates comparable in 
quality to those used in these tests are employed in the 
construction of concrete pavements in New Jersey 
under existing specifications: 


(a) Concrete in which crushed trap rock is used as 
coarse aggregate will average about 12 per cent higher 
in fiexural strength than concrete in which gravel is 
used as coarse aggregate. 


(b) There will be practically no difference in the 


crushing strength of crushed trap-rock concrete and 
gravel concrete. 


(c) There will be practically no difference in the 
absorption of crushed trap-rock concrete and gravel 
concrete. 


(d) For equivalent flexural slab strengths, a pave- 
ment constructed of gravel concrete should have a 
depth approximately one-half inch greater than a pave- 
ment constructed of crushed trap-rock concrete. 


(e) The cost of the materials required for a unit 
volume of crushed trap-rock concrete will as a rule be 
greater than the cost of materials required for an 
equivalent volume of gravel concrete. 


2. That when coarse aggregates comparable to those 
used in these tests are used in concrete mixtures de- 
signed for a given strength by the so-called water- 
cement ratio trial method: 


(a) The flexural strength of the crushed trap-rock 
concrete will average about 11 per cent higher than the 
gravel concrete. 


(b) There will be practically no difference in the 
crushing strength of the crushed trap-rock concrete 
and the gravel concrete. 


In addition to the above, the following indications 
as to effect of gradation on strength and yield when the 
concrete is proportioned by fixed volume as well as by 
the water-cement ratio theory may be stated: 


(1) That the gradation of the coarse aggregate has 
very little direct effect upon the strength of the con- 
crete. 


(2) That when proportioned by the water-cement 
ratio trial method, variations in the fine-coarse aggre- 
gate ratio of from 1:2 to 2:3 do not affect the strength 
of the concrete for a given sand and for a given water- 
cement ratio. 


(3) That variation in coarse aggregate grading will 
greatly affect the yield of concrete and therefore its 
cost, when the concrete is proportioned either in the 
usual way or by the water-cement ratio method. 


(4) That the use of well-graded coarse aggregate 
will increase the yield when proportioned by the usual 
method, but exactly the reverse is the case when the 
concrete is proportioned by the water-cement ratio 
method. 
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Discussion of The Bureau of Public Roads— 


New Jersey Tests 


By A. T. Gotpseck, Director, 


Bureau of Engineering, The National Crushed Stone Association 


HE TESTS described on the preceding pages are of 


stretching, bending or compression, apparently it re- 


very great significance, primarily because they mains in its original condition, free from tension 


show the _ influence 
which the coarse ag- 
gregate may have on 
the kind of strength 
which is so desirable 
for concrete road con- 
struction, namely, 
transverse’ strength. 
It is a fact that high 
compressive strength 
may be obtained even 
with the use of com- 
paratively inferior 
coarse aggregates, but 
apparently the trans- 
verse strength of con- 
crete is influenced by 
the characteristics of 
the coarse aggregates. 
For those who are not 
informed on the im- 
portance of high re- 
sistance to cross-bend- 
ing or to direct ten- 
sion in concrete for 
highway construction, 
it will not be amiss to 
enter into a brief dis- 
cussion of this matter. 


The Forces Which 
Concrete Roads 
Must Resist 

Concrete is not the 
extremely rigid ma- 
terial which its ap- 
pearance indicates. It 
can be bent, stretched 
or compressed, and 
just as long as it is not 
subjected to excessive 








HIGH POINTS IN THE DISCUSSION 


1. Due to bending, the compressive stress produced is only 1/5 to 
1/7 of the compressive strength of the concrete when the tensile stress 
produced simultaneously is sufficient to cause a crack to form. 

2. Direct tension and tension produced by bending are highly im- 
portant stresses and determine the resistance to cracking of a con- 
crete road. 

3. The compressive stresses in concrete roads of proper design are 
negligible because they rarely approach the compressive strength of 
the concrete. 

4. Small differences in modulus of rupture of concrete may make for 
darge differences in the amount of cracking of a concrete road because 
the design stress almost equals the stress which produces failure 
under repeated loads. 

5. Trap rock and dolomite both gave higher values for modulus of 
rupture than gravel of high quality even with a lower cement content 
per cubic yard, and much higher than soft, friable gravel in the 
Bound Brook Tests, as follows: 


Coarse Aggregate Modulus of Rupture Cement Per Cu. Yd. 
ri, oe. re eres ee 683 6.1 


High quality gravel....................-- 629 6.21 
Re ee Cee ee 552 6.4 

6. The Bound Brook Tests show that the stone concrete requires less 
cement than the gravel concrete for equal slab strength, and the 
proper relation for these particular materials is approximately as 
follows: Probabie Ratio of Cement 

Coarse Aggregate for Equal Modulus of Rupture 
IS bia tw ON 0 4 5.k oA sieica- Racy oles-ni0e ha.eTN ae Owes 6.0 bags per cu. yd. 
High quality gravel.............. sees cess erecreeene 6.6 bags per cu. yd. 
eS | Sere eee me ee eee ee eee 7.8 bags per cu. yd. 

7. In the Bureau of Public Roads Tests it is conclusively shown 
that the 1:134:3'4 trap rock concrete averaged 13 per cent higher in 
cross-bending resistance or modulus of rupture than the gravel con- 
crete of similar proportions, thus requiring 6% per cent or approxi- 
mately '4 inch extra slab thickness in the gravel slab. 

8. The Minnesota Tests indicate that the round, smooth gravel does 
not give as high cross-breaking resistance as crushed trap or crushed 
limestone or gravel containing crushed fragments. 


The ratio is: Charted Values of 
Coarse Aggregate nee” Rupture 


Per Cent 
TE in eh dare ven .cie bo aso bo hiclsn wed wes Cab oee oe ee 122.0 
EP eT En ee ee Lie 30 113.7 
GRO, GIDE oc eis vcs cccirciccewsseiscediesovivs succes 730 100 
Gravel containing crushed fragments........... 810 111 


9. That angularity and roughness of surface increase the modulus 
of rupture is indicated in the Minnesota Tests by the following com- 
parison: 

Coarse Aggregate 
BGINOSe FOUNGOD SHAVES. 055.00 o ccc wdsecccves cvcccesoeusceseey 
Same gravel containing crushed oversize..........-....+e0. 810 

10. That the quality of the stone or gravel influences the cross- 
breaking strength is shown by the fact that in the Minnesota Tests 
soft sandstone with 11.1 per cent wear had only 670 pounds per 
square inch modulus of rupture compared with the above values. In 
the Bound Brook Tests the soft gravel tested only 552 as compared 
with 629 pounds per square inch, modulus of rupture shown by the 
high quality gravel. 

11. A change in concrete proportions or a change in road design 
should be made to bring about equal resistance to bending. 


Modulus of Rupture from Chart 
730 








cracks or other signs 
of failure. On the 
other hand, too much 
stretching of the 
concrete, whether by 
direct forces or by the 
bending of the slab 
under traffic will pro- 
duce a tension failure 
as evidenced by crack- 
ing. If too high a com- 
pressive force is cre- 
ated the usual external 
evidence is shattering 
of the concrete. Fail- 
ure by shear is still an- 
other form of failure 
of concrete which, in 
general, does not seem 
to be particularly im- 
portant in concrete 
roads. In order to un- 


derstand the relative 


importance of tension, 
cross-bending resist- 
ance and compressive 
resistance of concrete, 
let us give some 
thought to the forces 
to which a concrete 
road slab is subjected. 

Soon after concrete 
is laid and has hard- 
ened it is cured under 
moist conditions. 
Since moisture keeps 
it swollen or expanded, 
it is placed under 
slight compression and 
would remain so as 
long as it is wet were 
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it not for variations in temperature. At night the 
temperature generally falls and contraction of the con- 
crete results and tension may be produced of high 
enough value to crack the slab transversely, perhaps 
one day after the concrete is laid. When the curing 
period has ended the concrete dries out, and since 
moisture has somewhat the same effect on concrete 
as on timber, it shrinks and in so doing draws itself 
over the subgrade. As the slab can not readily slide, its 
motion is resisted by forces of friction and tension is 
set up, tending to crack the slab transversely. It is 
thus evident that it is desirable to have high resistance 
to tension in the early stages of hardening of concrete 
used for concrete surfaces. Should expansion take 
place due to a rise in temperature, compressive stress 
will be created, but this stress can not be great during 
the period when the concrete is shrinking and is not 
important in the early stages of hardening nor even 
in the later stages if the road is properly designed. 

When the road is opened to traffic the heavy wheel 
loads cause bending of the slab. If the wheel is placed 
at a corner formed by a transverse joint and the side 
of the slab, that corner is bent down and, as a result 
of the bending, tension is produced in the top of the 
slab and compression in the bottom. These tensile and 
compressive stresses are practically of identical 
amounts as shown by actual measurement. This stress 
condition is shown in Figure 1-A. 

When the wheel load is placed at the edge of the 
slab at some distance from a corner, the slab is bent 
as shown in Figure 1-B. In this case horizontal com- 
pressive stress is created at the top of the slab and 
horizontal tension at the bottom. Again, the tension 
is equal to the compression and this is a very important 
fact in demonstration of the great significance of the 
transverse test for concrete for use in highways. 

Ordinarily, road concrete has a compressive resist- 
ance of 3500 pounds per square inch, but it has a 





en TENSION 


+— COMPRESSION 











FIG. 1A 


tensile resistance in bending of perhaps only 1/5 to 
1/7 of this amount. It follows, then, that since the 
bending creates horizontal compressive and tensile 
stresses of like amount, distributed as shown in 
Figures 1-A and 1-B, failure in bending is due to a 
failure of the concrete on the tension side and not on 
the compression side. Concrete is amply strong in 
compression but is very weak in tension. 

The compressive stresses to which concrete in con- 
crete roads may be subjected are produced, first, by 
the actual vertical pressure under wheel loads; second, 
by the compressive stresses due to bending; and, third, 
by horizontal expansion of the slab due to moisture and 
temperature. The vertical compressive stress due to 
wheel loads can be dismissed immediately for it is 
always of negligible amount. That this statement is 
true is shown by the fact that truck wheel-load pres- 
sures seldom exceed 800 pounds per inch of width of 
tire and the length of support due to flattening of the 
tire is often 12 to 15 inches. Horizontal compressive 
stresses due to bending, as has just been pointed out, 
may be ignored because a bending failure is a failure 
due to the weakness of concrete in tension and not in 
compression. Under the action of expansion forces it 
is possible to produce high compressive stresses, the 
effect of which is to buckle the slab and cause it to rise 
from the subgrade, sometimes accompanied by shatter- 
ing of the concrete. The slab acts much like a long 
column and buckling is accompanied by a failure of 
the concrete in tension. The creation of buckling 
stresses is greatly reduced by the provision of proper 
room for expansion through the use of expansion joints 
at intervals. 

The kind of failure to be feared most in concrete 
pavements is excessive cracking, which can only be 
produced through a failure of the concrete in tension 
due either to direct forces, or to bending. Of the two, 








500 LBS. PER SQ. IN. 
IS ONLY > OF 
COMPRESSIVE 

RESISTANCE 


COMPRESSION 
_ er egies mmaste epi oal 
TENSION 


500 LBS. PER SQ.IN. ALMOST 
EQUALS TENSILE RESISTANCE ™ 











FIG. 1B 


Bending Stresses Due to Wheel Loads—Showing that a Bending Failure of Concrete 
Always Results from a Failure of the Concrete in Tension 
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the bending effects of traffic and of other causes, such 
as subgrade settlement, are most important. 

If the road is reinforced with steel the above state- 
ments are still valid, for the steel, as can be shown by 
analysis, does not become fully effective until after 
cracking takes place. Its function is primarily to 
prevent the cracks from spreading. 

The integrity of a concrete road is thus seen to be 
largely dependent upon the resistance offered by the 
concrete to bending but there is one peculiarity about 
_ concrete road design which is not now fully realized 
by many engineers, namely, that under heavy frequent 
traffic the bending stresses very nearly approach the 
resistance of the concrete to repeated bending. In 
other words, concrete roads have a very small factor 
of safety against repeated bending stresses and even 
a slight lack of. bending resistance may result in rapid 
cracking and a slight excess may greatly delay or even 
prevent excessive cracking. The very fact that it is 
economical to design concrete roads up to the very 
limit of safety as far as cross-bending resistance is 
concerned, shows very forcibly the importance of using 
a concrete having as high a bending resistance as pos- 
sible. Such concrete will also have a sufficiently high 
compressive resistance but the converse is not always 
true. Many states have already recognized the bend- 
ing test for concrete as being of very much greater 
significance than the compressive test and others are 
following. 


The Bureau of Public Roads—New Jersey 
Test Results 


The two materials which are compared in this test 
are both of very high quality in their respective types. 
‘The crushed stone is a trap rock of great hardness and 
toughness having a percentage of wear of 2.0. The 
gravel in the past has shown an abrasion loss of ap- 
proximately 6 per cent in the Gravel Abrasion Test.* 
This percentage shows the gravel to be of high quality. 
It consists of rounded fragments of sandstone, quartz 
and rhyolite. The trap rock is extremely angular in 
shape, and, in consequence, the crushed stone has a 
higher percentage of voids than the gravel in samples 
having like mechanical analyses. Because of this fact, 
as pointed out by Mr. Jackson, the stone concrete 
showed a lower yield than the gravel concrete, per bag 
of cement, when identical arbitrary proportions, such 
as 1:134,:314, are used. In the stone concrete more of 
the mortar is required to fill the voids than in the 
gravel concrete and less of it is available for spreading 


*Bulletin 1216, U. S. Department of Agriculture. 


the stone. The tests show that at 28 days, in the 
1:134,:314 concrete, the stone concrete averaged 12.8 
per cent higher in modulus of rupture than the gravel 
concrete, and at 6 months was still higher to the 
extent of 13.2 per cent, an average of approximately 
13 per cent. The compressive strengths of the stone 
and gravel concrete at 28 days and 6 months were prac- 
tically identical and both were of high value. 


In the mixes in which the ratio of sand to coarse ag- 
gregate was 33:67, 36:64 and 40:60, the average 
modulus of rupture of the stone concrete was still 
considerably higher than that of the gravel concrete. 
The important point to notice, however, is that in 49 
of the 52 comparisons for modulus of rupture, the 
stone tested higher than the gravel and averaged 12 
per cent higher. The gradings of coarse aggregates 
used covered a wide range including those acceptable 
and those not acceptable to the state. The results 
could hardly be more conclusive for the particular 
materials tested. 

It has been demonstrated, in connection with the two 
particular coarse aggregates under test, that the char- 
acteristics of the coarse aggregate have a decided in- 
fluence on the cross-breaking strength of concrete. 
The difference in cross-breaking strengths, amounting 
to 12 per cent, is such that a gravel slab should be 6 
per cent greater in thickness than a stone slab, or 
approximately 14 inch more gravel concrete should be 
required to produce the same slab strength that will 
result from the use of stone concrete. 


It is well to again emphasize the influence which the 
modulus of rupture of concrete has on the life of a 
concrete pavement. It has been generally accepted, as 
the result of extensive field and laboratory investiga- 
tions, that a concrete road should be designed by the 
use of the following formula: 


3W 
S 


Where D — Thickness of the slab at the edge 
W = Maximum wheel load to be applied 
S = One-half the modulus of rupture 


D= 


The value for S is taken at 14 the modulus of rup- 
ture because laboratory tests have shown that if the 
working stress S exceeds approximately 55 per cent 
of the modulus of rupture, the concrete will fail in a 
comparatively few applications of load due to fatigue, 
while if the stress is kept below that figure the load 
may be applied millions of times and fatigue is long 
delayed. 
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Let it be assumed that the modulus of rupture of the 
concrete is equal to the average value of the stone con- 
crete at 28 days, namely, 570 pounds per square inch. 
The working stress would then be 285 pounds per 
square inch for use in the above formula. The modulus 
of rupture of the gravel concrete was only 505 pounds 
per square inch at 28 days and a stress of 285 pounds 
per square inch is 56.3 per cent of this modulus of 
rupture while the same stress of 285 pounds per square 
inch is only 50 per cent of the modulus of rupture of 
the stone concrete. As 55 per cent of the modulus of 
rupture seems to approximate the “dead line” beyond 
which the stress should not extend to prevent fatigue, 
it is well demonstrated how very important seemingly 
slight differences in modulus of rupture in concrete 
can be. The above assumed gravel concrete road hav- 
ing the same thickness as the stone concrete road is 
apt to be unsafe against cracking due to fatigue while 
the stone concrete road should remain uncracked. This 


is simply another way of stating that the fatigue limit 
of this particular gravel concrete will be reached 
sooner than the fatigue limit of the stone concrete 
because of its lower modulus of rupture. 

It is entirely logical, therefore, that one of two 
things be done to improve the strength of the gravel 
concrete road: (1) Increase its thickness so that its 
bending stresses will be decreased to a value not in 
excess of 50 per cent of its modulus of rupture. (2) 
Change the proportions of the gravel concrete, requir- 
ing more cement so as to increase its modulus of rup- 
ture. The Bureau of Public Roads-New Jersey Tests 
do not show what change in proportions might be made 
in the gravel concrete to make it of equal cross-bending 
strength as the stone concrete although they do give 
an answer to the question of how much extra thickness 
of gravel concrete is necessary to make it of the same 
slab strength when crushed stone is used. 
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Bound Brook: Tests 


In order to get an answer to the second question, 
namely, that of what proportions of gravel concrete 
will give approximately the same cross-bending resist- 
ance as given proportions of stone concrete, the writer 
directed a short series of tests at the plant of one of 
the stone producers of New Jersey at Bound Brook. 
Identically the same coarse aggregates were used in 
these tests as in the Bureau of Public Roads-New 
Jersey State Highway Department Tests but, in addi- 
tion, there were also included a sample of dolomite of 
very high grade and also a sample of gravel of very 
low resistance to wear in the Gravel Abrasion Test, ap- 
proximating 25 to 30 per cent loss. Concrete was 
made from these respective coarse aggregates using 
the same fine aggregate in all cases. The proportions 
and the gradation of the coarse aggregates were varied 
and the concrete mixes were designed to produce con- 
crete having pre-determined amounts of cement per 
cubic yard. In some cases the proportions were made 
on the basis of dry, rodded volumes according to A. S. 
T. M. methods for determining weight per cubic foot, 
and, in other cases, the proportions were in terms of 
loose volume. Beams were made 6 inches in cross- 
section and 30 inches long and were broken as canti- 
levers at the end of 14 and 28 days. The aggregate 
gradations used are shown graphically in Figure 2. 
These gradations were purposely made to cover the 
range of gradings permitted by the New Jersey State 
Highway Department specifications. Crushing strength 
tests were also made on the pieces resulting from the 
beam tests. In general, all of the aggregates show 
high compressive strength irrespective of quality 
or type. The differences in crushing strength are 
not significant and all crushing strengths were well 
above those ordinarily required for concrete roads. 
The cross-bending strengths were quite different in 
value, depending upon the coarse aggregates as 
shown in Table 1. The trap rock and dolomite 
are grouped together. The so-called concrete 
gravel having per per cent wear is placed in the 
middle group and the 34-inch gravel, having 25 to 30 
per cent wear, in the bottom group. It is quite strik- 
ing that the modulus of rupture of the stone concrete 
is much higher than of the gravel concrete and very 
much higher than the 34-inch, or poor gravel, concrete. 

Each result is the average of three cross-bending 
tests. Comparison of individual mixes is probably not 
warranted in. these tests but the average results are 
significant. It is to be noted that, although the stone 
concretes tested had an average cement content of only 


6.1 bags per cubic yard as against 6.21 and 6.40 for 
the good gravel and poor gravel respectively, the modu- 
lus of rupture of the stone concrete was 53 pounds, or 
8.4 per cent higher than the gravel concrete, and 130 
pounds or 23.5 per cent higher than the poor gravel 
concrete. In other words, the stone concrete had a 
higher modulus of rupture than the gravel concrete 
even with a smaller content of cement per cubic yard. 
These tests in their general results corroborate the Bu- 


TABLE I. 
BOUND BROOK TESTS 
STONE (Trap rock and dolomite) 














28 Day Tests 

Mix! Proportion Ba Gradir Method 
No, satan es sical Compressive Modulus of 
strength lbs. rupture lbs. 
per sq. in, per sq. in, 
27 1:1.70:3.67 6.0 5 A.8.T.M 2866 560 
1l 1:1.78:3.67 6.0 4 7 3127 639 
14 1:2:4 5.6 4 * 3883 650 
12 1:1.74:3.67 6.0 4 = 3453 666 
20 1:1.75:3.5 6.17 4 . 3343 678 
4 1:1.79:3.5 6.3 2 ad 3340 683 
26 1:1.53:3.5 6.3 5 © 3516 684 
6 1:1.65:3.5 6.3 4 . 3750 695 
1 1:1.67:3.5 6.3 1 7 4141 708 
28 1:1.76:3.5 6.3 6 et 3212 712 
5 1:1.64:3.5 6.3 3 e 3786 712 
15 1:2:4 5.56 4 $ 4230 727 
8 1:1.56:3.5 6.3 4 . 3433 770 
Average} 6.1 Average 3544 | Average 683 




















CONCRETE GRAVEL (6% wear, Gravel Abrasion Test) 




































































2 1:1.36:3.5 6.3 1 A.S.T.M. 3995 592 
7 1:1.23:3.5 6.3 4 = 3718 609 
16 1:1.75:3.5 5.87 4 i 3373 621 
25 1:1.23:3.5 6.3 5 * 3940 652 
3 1:1.38:3.5 6.3 2 - 3940 672 
Average| 6.21 Average 3793 | Average 629 
KS a oe 
%-INCH GRAVEL (25 to 30% wear, Gravel Abrasion Test) 
10 1:1.15:3.5 6.3 7 A.8.T.M. 3201 495 
19 1:1.5:3 6.48 7 = 3866 518 
18 1:1.75:3.5 5.82 7 = 3767 593 
13 1:0.85:3.15 7.0 7 $ 4600 603 
Average} 6.40 Average 3878 | Average 552 
COMPARISON OF AVERAGE VALUES FOR MODULUS OF 
RUPTURE AT 28 DAYS (A. S. T. M. METHODS) 
Modu- oN 
Type of lus Cement | Bags of Cement per — Rene — 
aggre- of rup-| Content, | 100 Ibs. modulus of | Ratio f —— al 2 be ar 
eatin Hate. baes rupture or equal modulus 
of rupture 
Stone.... ..... 683 6.10 0.892 1.00 6.0 
ConcreteGravel| 629 6.21 0.985 1.10 6.6 
34-Inch Gravel.| 552 6.40 1.16 1.30 7.8 


























COMPARISON OF AVERAGE VALUES FOR COMPRESSIVE 
STRENGTH AT 28 DAYS (A. S. T. M. METHODS) 








Type of Com- Cement | Bags of cement per Probable ratio of cement 
Aggregate pressive | content, | 1,000 lbs. compres- required for equal com- 
F strength| bags sive strength pressive strengths 
ae ee 3544 6.10 1.72 1.05 
Concrete Gravel...| 3793 6.21 1.64 1.00 
3%4-Inch Gravel....| 3878 6.40 1.65 1.00 
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Fig. 3—Crushed Stone Concrete (stone has 2.0 per cent wear). 

The rough angular faces have bonded sufficiently well with the 

mortar to break much of the stone in spite of its great hard- 
ness and toughness. 


reau of Public Roads-New Jersey State Highway De- 
partment Tests but they go further in showing that 
a change of proportions is warranted to produce road 
slabs of equal strength. They show that more cement 
is required in the gravel concrete than in the stone 
concrete instead of less cement as required by the 
time-honored arbitrary proportion method in which 
the proportions are stated as 1:134:3%4, ete. The 
probabilities are, judging from the results obtained, 
that 10 per cent more cement is necessary in the gravel 
concrete of high quality than in the crushed stone con- 
crete and perhaps as much as 30 per cent more ¢ce- 
ment should be used in the concrete containing the poor 
gravel than in that containing the crushed stone in 
order that the slab strengths may be alike in all cases. 
The Bound Brook tests show that there is no basis 
for adhering to the same proportions of mortar when 
changing the proportions of concrete to suit different 
coarse aggregates, for it is shown that the stone con- 
crete is stronger than the gravel concrete even though 
its mortar is leaner. It may be well in fact to add to 
the sand content of the stone concrete and decrease 
it in the gravel concrete to make for workability in 
the former and prevent over-sanding in the latter. 
No doubt the differences in cross-breaking results 
in part are due to the shape of the fragments, to the 
roughness of their surfaces, and to the strength of 
the fragments. It seems entirely reasonable that 


smoothness of surface must have influence on the cross- 
breaking resistance of concrete, because the adhesion 
of the mortar to the surface is probably aided when the 
surfaces of the coarse aggregates are rough in much 
the same way as the bond resistance is increased me- 
chanically in a deformed reinforcing bar as compared 
with a smooth reinforcing bar. It also seems reason- 
able that angularity of particle may be of some assist- 
ance in creating higher tensile resistance because of 
the greater interlocking effect thereby produced. The 
strength of the fragments probably also has influence 
because the fragments are placed in tension. At any 
rate, in the broken cross-bending specimens it was 
noticeable that there was better bond between the 
stone and the mortar than between the smooth gravel 
and the mortar, as indicated by the fact that few of 
the gravel particles were broken. On the other hand, 
there were more fragments broken in the soft gravel 
specimens than occurred in beams containing the gravel 
of high quality. These indications are somewhat im- 
perfectly illustrated in Figures 3, 4 and 5. 


Minnesota Tests 


Some light is thrown on the question of influence of 
shape of particle and characteristics of surface by 
tests recently published in the March, 1928 issue of 
Concrete by F. C. Lang, Engineer of Tests and Inspec- 
tion, Minnesota Department of Highways. A diagram 





Fig. 4—Gravel Concrete (6.0 per cent wear, Gravel Abrasion 

Test). Mortar bond not sufficient to break the smooth, rounded, 

hard fragments. The broken fragments are composed entirely 
of soft, weak materials. 
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of the results reproduced from Mr. Lang’s article is 
shown in Figure 6. In these tests the aggregates com- 
pared were as follows: 

No. 1. A smooth water-worn gravel largely com- 
posed of igneous rocks from northern Min- 
nesota. All flat, elongated and broken 
pieces were picked out by hand. 

No. 2. An ordinary commercial gravel containing 
crushed oversize from St. Paul, Minn. 

No. 3. A crushed limestone. 

No. A crushed trap rock. 

No. 5. A crushed sandstone. Per cent loss in 
abrasion test, 11.1. One-half hour absorp- 
tion, 3.13 per cent. 

The tests were made using a constant water-cement 
ratio. It is apparent that the angularity or smooth- 
ness of surface, or perhaps their combination, have in- 
fluenced the cross-breaking resistance of the concrete. 
Both the limestone and the trap rock have a higher 
modulus of rupture than the rounded smooth gravel, 
to the extent of approximately 23 per cent in the case 
Fig. 5—Gravel Concrete 25.0 to 30.0 per cent wear, Gravel of the trap rock and over 11 per cent in the case of 
Abrasion Test). The harder, rounded, smooth fragments have re- the limestone. When compared with the commercial 
leased their bond with the mortar; the softer fragments have gravel containing, in part, crushed particles having 

broken. rough and angular surfaces, the differences in cross- 
breaking strength were not so apparent. These tests, 


Continued on page 26 
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“Fig. 6—Relation Between Aggregates at Different Ages 


Redrawn from Figure 1 in F. C. Lang’s paper, “Effect of Shape and Character of Coarse Aggregate on Strength of Concrete” published in 
March, 1928, issue of ‘‘Concrete”’ 
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Research the Life ‘of Industry 


It Keeps Production Machinery in Motion, Finding New Uses for Output, 
Utilizing Waste, and Evolving Substitutes 


NTIL a few years ago the function of research was 
generally limited to the development of discoveries 
which would form the basis of entirely new industries. 
The changes which the World War made in industry 
brought a new conception of the importance of 
industrial research in keeping the machinery of pro- 
duction in motion. Mass production, elimination of 
waste, hand-to-mouth buying, and other successful fea- 
tures of American industry which have been developed 
since the war have become possible on account of the 
research work in the post-war problems of reorganiza- 
tion. 

Industrial research is handled in three distinct ways. 
First, by an individual corporation which has set up 
its own research department to develop its product a 
little ahead of its competitors. 
costly and some industries have met the problem of 
maintaining laboratory and field work by trade asso- 
ciations. This is the second method which has been 
employed to keep research activities flourishing. 


Bureau of Standards 

The third method for employing research is the use 
of governmental and institutional facilities. In recent 
years the Bureau of Standards at Washington has been 
expanding its usefulness as a laboratory for industrial 
research. Any manufacturer or producer having re- 
search problems to work out may use the facilities of 
the Bureau, and this work has been especially helpful 
in making tests of new devices and new materials. The 
Bureau has made reports on a number of basic com- 
modities, and has determined the specifications neces- 
sary for high quality in such things as varnishes, door 
hinges and gasoline pumps. 

Founded in 1901, the Bureau of Standards today is a 
large institution like a university with a total staff of 
785 experts and technicians, and a library of some 
27,000 books in several languages. During the last 
fiscal year the Bureau made approximately 180,000 
tests at an operating cost of $2,000,000. It is esti- 
mated that the Bureau saves the United States Gov- 
ernment about one hundred million dollars each year 
by scientific analysis of the goods the government buys, 
ranging from thumb-tacks to battleships. Colleges 





*Reprinted from the Manufacturers Association Bulletin, 
December, 1927. 


Research, however, is 


and privately endowed institutions also carry on re- 
search which is of direct benefit to industry. Most of 
the work undertaken in these laboratories, however, 
is intended for future benefit rather than for immedi- 
ate needs. 


An Outstanding Example 

The outstanding example of a corporation based upon © 
research is the E. I. du Pont de Nemours & Co., Inc., of 
Wilmington, Delaware. The war left this company 
with an expanded production which had been devoted 
to supplying the explosives needed in the prosecution 
of the war. Through the application of research the 
company transformed a possible calamity into an op- 
portunity. The manufacture of explosives is primarily 
a chemical industry, and it remained for the company 
to make use of the need for dye stuffs formerly sup- 
plied by Germany. According to the Tariff Commis- 
sion, the dye industry in the United States last year 
supplied 93 per cent of the domestic consumption, 
whereas in 1913 only 13 per cent of the dyes consumed 
here were produced in this country. 

In the manufacture of explosives nitrocellulose is 
developed and used. Rayon, paint, imitation leather, 
celluloid and other products are derived from this use- 
ful chemical substance. Research was conducted by the’ 
du Ponts which revolutionized the use of paint, whic 
in turn developed a new usefulness for the dye stuff 
which formerly had gone primarily into textiles. | 

Research is now playing its part in the recovery of 
the meat-packing industry from the seven lean years 
after the war. In announcing the formation of a De- 
partment of Research in Armour and Company this 
summer, F. Edson White, President of the Company, 
stated: 

“Business is taking on a more scientific aspect day 
by day. Research work is developing new and better 
methods and making possible better products. Many 
leading corporations have organized research depart- 
ments and given to them broad latitude of action. There 
is nothing mysterious about the research work we plan 
to do. The job will be to dig out essential facts relat- 
ing to the conduct of our business.” 

Raw material producers in particular have been 
forced by the situation in their market to give greater 
attention to research. This may be seen from the con- 

Continued on page 26 
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FTER an exhaustive search of various possible loca- 
tions, we have fortunately secured splendid quar- 
ters for our laboratory. The building which will house 
our new undertaking is located fairly centrally, on the 
corner of 14th and § Sts., N. W., and is easily accessible 
from all points of the city. The structure itself is 
rather imposing in appearance, and we have secured 
a room on the second floor front 100 feet long and 30 
feet wide. Through the center will be constructed 
a main partition dividing the room approximately into 
half, one side for the laboratory equipment and the 
other to be subdivided into various offices, thus enabling 
us to combine our executive offices with the laboratory. 
Such an arrangement is highly desirable, as it will 
conserve the time of our Director of Engineering in 
enabling him to attend to his office duties and yet be 
in close touch with the research being conducted in the 
laboratory. The offices will be five in number, with a 
total floor area considerably in excess of that we now 
have in the Earle Building. In the basement of the 
same building we have secured sufficient space to:store 
materials, install the necessary screens and care for the 
mixing of concrete, using the main laboratory only for 
actual testing. The whole lay-out is not only com- 
fortable and efficient, but is pleasing and even impres- 
sive in appearance. The laboratory and offices will 
give the appearance of being that sort of place in 
which exact and precise work would naturally be done. 
Needless to say, we are purchasing only the finest 
equipment for the laboratory that can be secured. It 
will not be possible to throw doubt successfully on the 
conclusions reached by endeavoring to cast suspicion 
on the accuracy of the equipment used. We are secur- 
ing not only reliable apparatus, but the most advanced 
and efficient of its kind. We may not fully equip the 
laboratory immediately, but all the apparatus which is 
installed will be the best procurable. 

Fortunately—and this was one of the considerations 
which prompted us to take the space—the total rent 
for offices, laboratory, and basement will not exceed 
that which we would be required to pay this year for 
our offices alone if we remained in our present location. 

Our address in the Earle Building will remain un- 
changed for some two months, during which period of 
time we will install the equipment for the laboratory, 
and the landlord will erect the necessary partitions and 
make other changes required by us. 


To prosecute properly the research work, which will 
be started just as soon as possible, we will require, in 
addition to our present staff, the services of a labora- 
tory engineer, an assistant, and a laborer, whose total 
salaries will amount to about $5,000 annually. The 
men for these places have already been selected with 
discriminating care. 


There is every reason to believe that with adequate 
equipment, and skillful assistance guided and directed 
by the profound knowledge and wide experience of our 
Director of Engineering in matters relating to testing 
materials, the laboratory of this Association will soon 
enjoy a high reputation. We believe that with such a 
laboratory at his disposal the results which can be 
obtained will be beneficial to highway-building agencies, 
to the public at large, to the industry and especially to 
our own members. We have an unparalleled oppor- 
tunity for advancement and a program of useful serv- 
ice about which the industry can rally and which it 
should loyally support. 


2 % * * of * * 


UR budget for the present year has been carefully 
itemized and appropriations made for each phase 
of our activities on the lowest possible basis consistent 
with their effective conduct. We propose to live within 
our income, but additional revenue could be expended 
to marked advantage. 
* * * * * * * 


E should secure new members, thereby strength- 
ening the Association morally and financially. We 
should not find it necessary to make extended explana- 
tions to potential members, as with such facilities at 
the disposal of the Association, every crushed stone 
producer should feel that membership in the Associa- 
tion is an apportunity rather than a duty. In no better 
way can any of use serve the Association than by se- 
curing new members. We earnestly ask that the ad- 
vantages of membership in the Association be vigor- 
ously called to the attention of every producer who is 
not now a member, and that each of our present mem- 
bers accept as a responsibility and a pleasurable duty 
the securing of membership of producers in his terri- 
tory who do not now enjoy that privilege. 
* * * * * aK * 
HE contributions to the fund for establishing and 
equipping a laboratory have now slightly passed the 
Continued on page 27 
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-A Word to the Salesmen 


Those of you who were fortunate enough to be 
present at the West Baden Convention will recall that 
during the Session for Salesmen the question of giving 
a wider distribution to our Engineering Bulletins was 
discussed. Many of the salesmen present pointed out 
the excellent results which had been obtained from 
distributing these Bulletins, and everyone agreed that a 
much wider distribution should be given to them during 
1928. There are still a number of our member com- 
panies who evidently do not fully appreciate the excel- 
lent results to be obtained from placing these Bulletins 
in the hands of highway engineers, architects, con- 
tractors, state, county and township highway officials, 
and any others directly or indirectly interested in high- 
way and building construction. 

Copies of the Bulletins which have so far been pub- 
lished can still be obtained and we earnestly request 
that those who have not yet done so, immediately send 
in their orders to the Secretary’s Office in Washington, 
designating the number and quantity of each Bulletin 
desired. Remember, the cost is only ten cents per copy 
and we are confident that for the slight expenditure 
involved the results will be exceedingly gratifying. The 
following Bulletins have been published to date: 

No. 1—“The Bulking of Sand and Its Effect on 
Concrete.” 

No. 2—“Low Cost Improvement of Earth Roads With 
Crushed Stone.” 

No. 3—“The Water-Cement Specification for Con- 
crete and Its Limitations.” 


Order Your Proceedings Immediately 

The Proceedings of the Eleventh Annual Convention 
recently held at West Baden will shortly be ready for 
distribution, probably about April 15. 

This volume will include all of the papers presented 
before the Convention as well as a ver batim report of 
all discussions and of the Annual Banquet. This is 
the only publication in which a complete history of the 
Eleventh Annual meeting can be obtained under one 
cover. 

Each company should order a sufficient number of 
copies so as to place one in the hands of each of its 
executive officers, salesmen and superintendents. It 
would also be well worth while to send a copy of these 
Proceedings to state highway engineers as well as 
county and town highway officials. The information 
contained therein, representing the foremost thought 
of men who have attained distinction in the field of 
highway engineering would unquestionably be received 
most gladly. 

Additional copies will be sold at the rate of $2.00 
each and members are urgently requested to send their 
orders in immediately as the edition will no doubt be 
exhausted at an early date. 





St. Louis Quarrymen’s Association 
Elects Officers 


Announcement was recently made by the St. Louis 
Quarrymen’s Association of their election of officers 
for 1928 as follows: 

President—Wm. Eyermann, Eyermann Construction 
Co., St. Louis, Mo. 

Vice-President—Theodore Fehlig, Fehlig Construc- 
tion Co., St. Louis, Mo. 

Secretary-Treasurer—J. W. McCullough, Rock Hill 
Quarry & Construction Co., St. Louis, Mo. 

Executive Secretary—E. J. McMahon, St. Louis, Mo. 





Increasing Our Membership 

The problem of increasing membership in the Asso- 
ciation is an ever-present one and cannot be considered 
as solved until every eligible crushed stone producer 
in the United States and Canada has joined. 

How can this goal most quickly and effectively be 
reached? This is a question which has been giving real 
concern to your executive officers and merits the se- 
rious attention of every member of the Association. 
Undoubtedly each member knows of some producer 
in his territory who has not joined the Association. 
This is a condition which should not be allowed to con- 
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tinue and which can best be corrected through the per- 
sonal efforts of our members. 

The Secretary’s Office is constantly in correspond- 
ence with these prospective members, but the letter 
has yet to be formulated which carries the weight and 
conviction of a personal interview. Give these non- 
members first hand information as to the many ways 
in which the Association can be of service to them. 
The establishment of our Research Laboratory, which 
will be actively operating within the next two months, 
will materially increase the effectiveness of the service 
which the Association can render to its members and 
to the industry. 

The results of the work of the Membership Commit- 
tee, the personnel of which is given elsewhere in this 
issue, will be very materially increased if supplemented 
by the individual efforts of each of our members. 
Through cooperation of everyone there is no doubt but 
that a decided enlargement of our membership can be 
reported at the next convention. 





President Graves Appoints Committees 
President Graves has just announced the appoint- 
ment of the following committees for 1928. 


Executive Committee 
Otho M. Graves, Chairman, General Crushed Stone Co., Easton, 
Pennsylvania. 
W. M. Andrews, Lake Erie Limestone Co., Youngstown, Ohio. 
H. E. Bair, The France Stone Co., Toledo, Ohio. 
C. M. Doolittle, Canada Crushed Stone Corporation, Ltd., 
Hamilton, Ont., Canada. 
E. J. Krause, Columbia Quarry Co., St. Louis, Mo. 
W. L. Sporborg, Rock-Cut Stone Co., Syracuse, N. Y. 
A. L. Worthen, Connecticut Quarries Company, Inc., 
New Haven, Conn. 


Research Committee 
John W. Stull, Chairman, Liberty Lime and Stone Co., 
Rocky Point, Va. 
A. H. Bannister, Brownell Improvement Co., Chicago, IIl. 
L. C. Bonnell, F. R. Upton, Inc., Newark, N. J. 
C. E. Glassen, Columbia Quarry Company, Columbia, III. 
A. T. Goldbeck, Nata’l Crushed Stone Assn., Washington, D. C. 
Stanley M. Hands, River Products Co., Iowa City, Iowa. 
Ross G. L. Harstone, Canada Crushed Stone Corp., Ltd., Toronto, 
Ontario, Canada. 
Herbert F. Kriege, The France Stone Co., Toledo, Ohio. 
George E. Martin, The Barrett Company, New York City. 
F. C. McKee, West Penn Cement Company, Pittsburgh, Pa. 
Clarence A. Munson, New Haven Trap Rock Co., 
New Haven, Conn. 
Paul B. Reinhold, Reinhold and Company, Pittsburgh, Pa. 
E. O. Rhodes, American Tar Products Co., Pittsburgh, Pa. 
A. B. Rodes, Franklin Limestone Co., Nashville, Tenn. 
W. R. Sanborn, Lehigh Stone Co., Kankakee, III. 
George E. Schaefer, General Crushed Stone Co., Rochester, N.Y. 
T. I. Weston, The Weston and Brooker Co., Columbia, S. C. 
A. J. Wilson, Granite Rock Co., Watsonville, Calif. 
W. F. Wise, Texas Trap Rock Corp., San Antonio, Texas. 


Committee for Selection of Association Insignia 
A. T. Goldbeck, Chairman, Nat’] Crushed Stone Assn., 
Washington, D. C. 
C. M. Doolittle, Canada Crushed Stone Corp., Hamilton, Ont., 
Canada. 
N. C. Rockwood, Rock Products, Chicago, Ill. 


Membership Committee 

J. R. Boyd, Chairman, National Crushed Stone Association, 
Washington, D. C. 

W. R. Sanborn, Regional Vice-President, Northern Region, 
Kankakee, III. 

T. I. Weston, Regional Vice-President, Southern Region, 
Columbia, S. C. 

W. F. Wise, Regional Vice-President, Southwestern Region, 
San Antonio, Texas. 

Mortimer Wandell, Regional Vice-President, Eastern Region, 
New York City. 

Allen Patterson, Regional Vice President, Central Region, 
Findlay, Ohio. 

A. R. Wilson, Regional Vice-President, Western Region, 
Watsonville, Calif. 

C. M. Doolittle, Regional Vice-President, Canadian Region, 
Hamilton, Ontario, Canada. 

O. P. Chamberlain, Chairman, Mid-West Division, Chicago, III. 

George E. Schaefer, President, New York State Crushed Stone 
Association, Rochester, N. Y. 

KE. E. Evans, President, Ohio Crushed Stone Assn., Toledo, Ohio. 

W. M. Andrews, President, Western Pennsylvania Stone Pro- 
ducers Assn., Youngstown, Ohio. 

E. U. Ragland, President, South Atlantic Crushed Stone Assn., 
Raleigh, N. C. 

E. J. McMahon, Exec. Sec’y, St. Louis Quarrymen’s Assn., 
St. Louis, Mo. 

A. M. Andrew, President, Tennessee Crushed Stone Assn., 
Cerulean, Kentucky. 

Paul Graham, Treasurer, Southern California Rock Products 
Assn., Long Beach, Calif. 

R. J. Hank, Secretary-Manager, Southwestern Division, 
Austin, Texas. 

R. C. Mills, Secretary, South Atlantic Crushed Stone Assn., 
Salisbury, N. C. 

Claude Clark, Secretary, Ohio Crushed Stone Association, 
Columbus, Ohio. 

H. B. Allen, Secretary, Eastern Stone Producers Assn., 
Philadelphia, Pa. 

Eugene Atwood, Old Colony Crushed Stone Co., Quincy, Mass. 

H. E. Bair, The France Stone Company, Toledo, Ohio. 

A. J. Blair, Lake Shore Sand and Stone Co., Milwaukee, Wis. 

C. D. Brewer, Duluth Crushed Stone Co., Duluth, Minn. 

L. R. Cartwright, Mid-West Crushed Stone Co., Indianapolis, Ind. 

Richard H. Cobb, Piedmont Corporation, Atlanta, Ga. 

Gordon F. Daggett, Wisconsin Mineral Aggregate Assn., 
Milwaukee, Wis. 

George Fredericks, Consolidated Stone and Sand Co., 
Upper Montclair, N. J. 

George F. Hammerschmidt, Elmhurst-Chicago Stone Co., 
Elmhurst, Ill. 

W. P. Hodgkins, Brownell Improvement Co., Chicago, IIl. 

W. H. Lindsay, Hagersville Contracting Co., Hagersville, 
Ontario, Canada. 

John Odenbach, Dolomite Products Company, Rochester, N. Y. 

A. B. Rodes, Franklin Limestone Company, Nashville, Tenn. 

John W. Stull, Liberty Lime and Stone Co., Rocky Point, Va. 

R. B. Tyler, R. B. Tyler Company, Louisville, Ky. 

A. L. Worthen, Connecticut Quarries Co., Inc., New Haven, Conn. 

Porter W. Yett, City Motor Trucking Co., Portland, Oregon. 

C. B. Andrews, Taylor-Wharton Iron and Steel Co., 

High Bridge, N. J. 
. B. Garber, The Thew Shovel Company, Lorain, Ohio. 
. S. Greensfelder, The Explosives Engineer, Wilmington, Del. 
E. Hopkins, Cement, Mill and Quarry, Chicago, III. 

G. Lewis, The Bucyrus-Erie Company, New York City. 

. W. Munday, Pit and Quarry, Chicago, III. 

. C. Rockwood, Rock Products, Chicago, Il. 
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Discussion of the Bureau of Public Roads— 
New Jersey Tests 


Continued from page 21 


however, corroborate in a general way the tests pre- 
viously cited and certainly show that shape of particle 
and smoothness of particle have influence on the cross- 
breaking resistance of concrete. The sandstone had 
a low cross-breaking resistance but it was a sandstone 
of very poor quality as determined by the Deval Abra- 
sion Test. Practically no states will allow a stone 
having a Deval Abrasion loss in excess of 7 per cent 
to be used as a coarse aggregate in concrete road con- 
struction, whereas, the sandstone tested had an 
abrasion loss of 11.1 per cent. Apparently, then the 
quality of the aggregate, as determined by the abra- 
sion test, influenced the cross-breaking resistance of 
the concrete and the indications are also very strong 
that in the Bound Brook, New Jersey, tests previously 
cited, the same remark might be made with respect to 
the two gravels tested. The gravel having 25 to 30 
per cent loss was much lower in cross-breaking 
strength than the gravel having only 6 per cent loss 
and this was true notwithstanding the fact that more 
cement was used per cubic yard with the poor gravel 
than with the good gravel. The comparison unfor- 
tunately is somewhat clouded because the soft gravel 
was also smaller in size. 

It should not be inferred from the above cited tests 
that all crushed stone will invariably test higher in 
cross-breaking strength than all gravel. The Minne- 
sota crushed sandstone illustrates this point. It is very 
well demonstrated, however, that all coarse aggregates 
do not produce concrete having like concrete road mak- 
ing qualities and it is thoroughly shown that it is not 
safe to proceed on that assumption in using aggregates 
in concrete roads. 

When a concrete road is built of a given thickness it 
is assumed that it is capable of carrying a wheel load 
of a given maximum weight. As pointed out, the fac- 
tor of safety of a concrete road, of necessity and for 
the sake of economy, must necessarily be made low. 
As a result, concretes having a comparatively low 
modulus of rupture are apt to fail while concretes hav- 
ing a high modulus of rupture may be perfectly satis- 
factory. In the light of our present knowledge the 
logical procedure is to recognize these differences in 
coarse aggregates and by means of cross-breaking tests 
determine what changes in proportions should be made 
or what changes in road design should be required so 
that road slabs might have equal capacity for carrying 
the maximum loads for which they are intended. 


Research the Life of Industry 


Continued from page 22 


sequences of events in recent years which have 
materially affected the markets for rubber, sugar, cot- 
ton, oil and coal. 


What Might Have Been 


When the British Government established the Stev- 
enson policy of restricting the output of rubber from 
the British plantations, the American market was 
violently shaken. Research undertaken earlier might 
have overcome the embarrassment caused rubber man- 
ufacturers in this country by the British action. Little 
attention had been paid to new sources of supply for 
rubber until that moment, nor had sufficient support 
been given to the development of synthetic rubber until 
then. Although the production of rubber produced by 
chemical synthesis is as yet incapable of competing 
with the natural product, no scientist will admit that 
such an eventuality is impossible. 

The sugar industry has been another one to neglect 
adequate research until the approach of a depression 
which was caused by the development of new sources 
of supply. Beet sugar and corn sugar production enter 
directly into competition with cane sugar. One of the 
great wastes of the cane sugar industry has been the 
failure to utilize by-products to the fullest extent. Ap- 
proximately 85 per cent of sugar cane is available for 
by-product uses. The waste of molasses offers a poten- 
tial source of supply for motor fuel. At present the 
residue of molasses is utilized as a valuable agricultural - 
product for feeding cattle. For years the cane waste 
was found of no further use than as fuel to run the 
sugar mills. A recent discovery makes possible the 
use of the waste cane pulp for the manufacture of a 
lumber substitute. 


The lumber industry, producing about 90 billion feet 
annually, has been threatened by the new competition 
through the use of these substitutes. Research, how- 
ever, is aiding the lumber industry by finding new uses 
for the waste sawdust, such as the making of linoleum, 
dynamite and Bakelite. The Bakelite Corporation is 
another separate industry which conceived in the re- 
search laboratory a superior insulation for electricity 
and by the aid of research extended the uses of its 
product to almost every line of industrial activity. 

Remarkable progress has been made by the gas 
industry which a few years ago was confronted with 
the necessity of finding new markets and developing 
new technique to reduce the cost of production. A 
fund of $100,000 a year was appropriated to conduct 
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a five-year research program. The result was the 
development of gas refrigeration and more efficient 
gas cooking-stoves which could compete with electric 
appliances. 


Insurance Against Disaster 

The ever present possibility of the discovery of new 
materials by chemical synthesis forces the recognition 
of research as the best insurance against disaster. The 
past year has witnessed a revolutionary change in the 
production of alcohol where the cheaper and superior 
synthetic product has made the old method of distilla- 
tion from wood and grains or syrups archaic. 

As a result of research in the costs of production, the 
textile industry has reorganized not only its methods 
of manufacture, but has transferred the center of 
activity from New England to the South, the source of 
supply. The introduction of artificial silk which is 
virtually as cheap as cotton forced the cotton textile 
industry to put its own house in order to meet the new 
competition. The development of a style demand, 
emphasizing the smart appearance of cotton textiles, 
stimulated the market. <A study of costs and their 
allocation is operating towards greater economy. 

The problem of how much to spend on research is a 
difficult one to answer. No amount seemingly would be 
too great when the results are measured in comparison 
with what has already been accomplished. The differ- 
ence between earnings of two corporations in the same 
competitive field can be partly traced to the amount of 
research conducted by each. 


The recovery of the Chilean nitrate industry, which 
contributes substantially to the revenue of the Chilean 
Government, must also be attributed to research. The 
production of synthetic nitrate—research again—in 
Germany was beginning to cut sharply into the market 
for the Chilean product. The development of the Gug- 
genheim process made possible an extraction of Chilean 
nitrate which is estimated to be about 50 per cent more 
efficient and more economical than the old method. 





President’s Page 

Continued from page 23 
$20,000 mark. We should have at least $25,000. Some 
of our members who have not subscribed surely intend 
to do so. Now is the time to act. The full amount of 
the subscription need not be paid at once and can be 
paid in three installments at intervals of three months 
if so desired. All contributions are welcome and help- 
ful, whether for $50, $500 or $1,000. Our executive 
offices, the Bureau of Engineering, and the laboratory 
are being capably and efficiently managed and deserve 
our hearty and loyal support. We have set our hands 
to the plow and we must not turn back until the work 
is done. If you, in reading this, realize that you have 
intended to subscribe to the laboratory fund, but have 
been merely putting it off, won’t you do it now? Just 
write a brief note stating how much you will subscribe 
and mail it either to the office of the President in 
Easton or to that of the Secretary in Washington. 





Associate Members of the National Crushed Stone Association 


Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
Crushing Plants and Machinery. 


American Manganese Steel Co., Chicago Heights, IIl. 
“Amsco” Manganese Steel Castings. 


American Tar Products Co., Union Trust Bldg., Pittsburgh, Pa. 
Tar Products for Road Construction and Maintenance. 
Armstrong Manufacturing Co., Waterloo, Iowa. 
Blast Hole Drills, Bit Dressing Machines. 


Atlas Powder Co., Wilmington, Del. 
Explosives and Blasting Accessories. 


Earle C. Bacon, Inc., 26 Cortlandt St., New York City. 
Complete Plants, Crushers, Elevators, Screens, Conveyors. 


Bakstad Crusher & Equipment Corp., 122 So. Michigan Ave., Chicago, IIl. 
Bakstad Patented 3-Jaw Crusher. 


The Barrett Company, 40 Rector St., New York City. 


Tarvia for Road Construction, Repair and Maintenance. 


R. H. Beaumont Co., 319 Arch St., Philadelphia, Pa. 
Crushers, Feeders, Elevators, Conveyors and Bunkers. 


Blaw-Knox Co., P. O. Box 915, Pittsburgh, Pa. 
Manufacturers of Steel Products. 


The Browning Crane Co., 16226 Waterloo Rd. N. E., Cleveland, Ohio 
Locomotive Cranes. 


C. G. Buchanan Co., Inc., 90 West St., New York City. 
Crushers, Crushing Rolls, Magnetic Separators. 


Bucyrus-Erie Company, South Milwaukee, Wis. 
Shovels—Steam, Diesel, Electric and Gasoline—and Dredges. 


Buffalo Wire Works, 521 Terrace, Buffalo, N. Y. 
Wire Cloth and Screens. 


Burrell Eng. & Constr. Co., 513 West Jackson Blvd., Chicago, IIl. 
Design and Construction. 

Canadian Explosives, Limited, Canada Cement Bldg., Montreal, Canada. 
Explosives and Blasting Supplies. 


The Carroll Chain Co., 265 Hosack St., Columbus, Ohio. 
“Carroll” Solid Weld Steam Shovel Hoisting Chains. 


Cement Mill and Quarry, 542 Monadnock Block, Chicago, Ill. 
“Publishers.” 


Cross Engineering Works, Carbondale, Pa. 
Perforated Metals. 
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Davis and Averill, 28 Fulton St., Newark, N. J. 
Storage Bins, 

The Dorr Company, 247 Park Ave., New York City. 
The Dorr Washer. 


E. I. Du Pont de Nemours & Co., Wilmington, Del. 
“Explosives of All Kinds and Blasting Accessories.” 


Easton Car and Construction Co., Easton, Pa. 
Quarry Cars. 

Ensign-Bickford Co., Simsbury, Conn. 
Safety Fuse and Cordeau Bickford Detonating Fuse. 


Fate-Root-Heath Co., Plymouth, Ohio. 
“Plymouth” Gasoline Locomotives. 

Flexible Steel Lacing Co., 4607 Lexington St., Chicago, III. 
Alligator and Flexco H. D. Belt Fasteners. 

Frog, Switch & Mfg. Co., Carlisle, Pa. 
Manganese Steel Castings. 


General Electric Co., Schenectady, N. Y. 
Electrical Apparatus and Supplies. 
Gill Rock Drill Co., Lebanon, Pa. 
Blast Hole Drilling and Fishing Tools. 
Good Roads Machinery Co., Kennett Square, Pa. 
Crushers, Elevators, Elevator Feeders and Revolving Screens. 
The Goodyear Tire and Rubber Co., Inc., Akron, Ohio. 
Belting: Transmission, Conveyor, Elevator; Hose, Packing. 
Graham Coal Company, Commercial Trust Bldg., Philadelphia, Pa. 
Coal and Coke. 
Grasselli Powder Co., Cleveland, Ohio. 
Manufacturers of Explosives. 


Harnishchfeger Corporation, 38th & National Aves., Milwaukee, Wis. 
Gasoline, Electric and Diesel Shovels—Cranes, Draglines. 

The Hayward Co., 50 Church St., New York City. 
Hayward Orange Peel and Clam Shell Buckets. 

The Hendrick Mfg. Co., Carbondale, Pa. 
Perforated Metal Screens, Elevator Buckets. 

Heisler Locomotive Works, Erie, Pennsylvania. 
Geared Locomotives. 

Hercules Powder Co., Wilmington, Del. 
Expiosives and Blasting Supplies. 

C. W. Hunt Co., 1580 Richmond Terrace, West New Brighton, N. Y. 
Mitchell Electric Vibrating Screen. 


Illinois Powder Manufacturing Co., St. Louis, Mo. 
Explosives and Blasting Supplies. 


Ingersoll-Rand Company, 11 Broadway, New York City. 
Rock Drills, Steel Sharpeners, Oil Furnaces and Hoists. 


The Jeffrey Mfg. Co., Columbus, Ohio. 
Elevating and Conveying Machinery. 
Kennedy-Van Saun Mfg. & Engr. Corp., 50 Church St., New York City. 
Kennedy Gyratory Crushers. 
Keystone Lubricating Co., Philadelphia, Pa. 
Lubricating Greases and Lubricating Devices. 
Keystone Division, McGraw-Hill Catalog & Directory Co., Inc., 475 10th 
Ave., at 36th St., New York City. 
Publishers of Metal Quarry Catalog and Metal Quarry Directory. 
Koehring Company, Milwaukee, Wis. 
Gasoline Shovels, Cranes and Draglines. 
Koppel Industrial Car and Equipment Co., Koppel, Pa. 
Quarry Cars in hand and air operated designs—Track Material. 


The Loomis Machine Co., Tiffin, Ohio. 
Blast Hole, Prospecting and Drilling Machinery and Tools. 


Manganese Steel Forge Co., Richmond St. and Erie Ave., Philadelphia, Pa. 
“Rol-Man” Screens, Chains, Plates and Forged Products. 


The Marion Steam Shovel Co., Marion, Ohio. 
Power Shovels and Cranes—Steam, Gasoline and Electric. 


Mid-West Locomotive Works, Cor. Spring Rd. and Alabama Ave. 
Cincinnati, Ohio. 
Quarry Locomotives. 


National Malleable & Steel Castings Co., 10600 Quincy Ave., Cleveland, 


Ohio. 
Naco Cast Steel Steam Shovel Chain and Certified Malleable Castings. 


Niagara Concrete Mixer Co., 40 Pearl Street, Buffalo, N. Y. 
“The Niagara Screen.” 


The Orville Simpson Co., 1230 Knowlton St., Cincinnati, Ohio. 
Screens, ROTEX, level, self-cleaning, 100 to %” mesh. 


The Osgood Company, Marion, Ohio. 
Power Shovels and Combinations. 


Peerless Explosives Co., 22 N. Franklin St., Wilkes-Barre, Pa. 
Explosives and Blasting Supplies. 


‘Pit and Quarry, Rand McNally Bldg., Chicago, Ill. 
“Publishers.” 


Rinek Cordage Co., Easton, Pa. 
“Rinek” Reliable Rope. 

Rock Products, 542 So. Dearborn St., Chicago, III. 
“Publishers.” 


Robins Conveying Belt Co., 15 Park Row, New York City. 
Material Handling and Screening Equipment. 


The Sanderson-Cyclone Drill Co., Orrville, Ohio. 
Drills, Big Blast Hole, Drilling and Fishing Tools. 
Sauerman Bros., Inc., 438 S. Clinton St., Chicago, III. 
Cableway Excavators, Power Scrapers. 
Smith Engineering Works, 32nd and Locust Sts., Milwaukee, Wis. 
Rock Crushers—Gyratory, jaw and reduction. 
The Stearns Conveyor Co., 200th St. & St. Clair Ave., Cleveland, Ohic 
Material Handling Machinery. 
Stephens-Adams Manufacturing Co., Aurora, IIl. 
Speed Reducers and Belt Conveyor Carriers. 


Symons Bros. Co., 111 W. Washington St., Chicago, IIl. 
Ore, Rock and Gravel Crushers. 


S. G. Taylor Chain Co., 140 So. Dearborn St., Chicago, Ill. 
Taylor Mesaba Steam Shovel Chains. 

Taylor-Wharton Iron & Steel Co., High Bridge, N. J. 
TISCO Manganese Steel Castings. 

The Thew Shovel Co., Lorain, Ohio. 
Steam, Gasoline and Electric Shovels, Cranes, Draglines. 

The Traylor Engineering & Mfg. Co., Allentown, Pa. 
Crushing, Cement and Mining Machinery. 

Traylor Vibrator Co., 1400 Delgany St., Denver, Colorado. 
Vibrating “Screen Supreme.” 

Trojan Powder Co., Allentown, Pa. 
Explosives and Blasting Supplies. 

Troco Lubricating Co., Philadelphia, Pa. 
Manufacturers of Petroleum Products. 


The W. S. Tyler Co., Cleveland, Ohio. 
Woven Wire Screens and Screening Equipment 


Union Explosives Co., Clarksburg, W. Va. 
Explosives and Blasting Supplies. 


Vulcan Iron Works, Wilkes-Barre, Pa. 
Steam, Gasoline, Electric Locomotives. 


Western Wheeled Scraper Co., Aurora, IIl. 
Western Portable Rock Crushers. 
George D. Whitcomb Co., Rochelle, III. 
Gasoline Locomotives. 
Williams Patent Crusher and Pulverizer Co., 813 Montgomery St. Si 
_ Louis, Mo. 
Hammer Crushers. 
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